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The prodem of chemical cons t i tu t ion  of coa l  has long reinained an intractable one 
but intensive work car r ied  within the  last decade in par t icu lar  has s t ead i ly  revealed impor- 
tant in fo rmt ion  on she s-ruccural pa t te rn  of coal. 
tural p z r a e t e r s  nas emerged a d ,  broadly speu ing ,  whasever has been achieved so f a r  
mainly concerns t h i s  aspect of  coa l  structure. 
meant the  s t a t e  of c o w h a t i o n  of carbon, hydrogen and oxygen and t h e i r  d i s t r ibu t ion  in 
the average s t ruc tu ra l  'unit ' .  Such knowledge has been obtained from various physical 
s c d i e s  e.g. x-rayl-d, mfra-red9-u, nuclear magnetic resonance (n.m.r.)lz-u, proton 
spin resonance (p.s.r.)15, e lec t ron  sp in  resonance (e.s.r.@-U a n i  statistical 
tecnniqussl%23 involvinb dens i ty ,  re f rac t ion ,  sound veloc i ty ,  magnetic suscep t ib i l i t y  
and o ther  propirt ies.  

Since 1952 t h e  concept of t h e  struc- 

dy s t r u c t u r a l  parameters is generally 

ut 

i e c e n t u  a n d r  of chemical t e c h n i . q ~ e s ~ ~ - ~ ~  have oeen developed in these labra- 
t o r i e s  t o  assess the s t ruc tu ra l  parlraniexers i n  coal as revealed by physical masurements. 
In the 'main, these cons t i tu te  oxidation, pyrolysis,  and dehydrogenation and have led  t o  
important infor-mtion on t n e  s t a t e  o i  cornomation of carbon and hydrogen i n  coal as we l l  
a s  on the  s i ze  of t he  aroinacic nucleus. 

41 Carbon is the  predominant elenent i n  coal and the major par t  of it is believed. 

'I'm chemical techniques, nainely, oxidation 25'28 and p y ~ o l y s i ~ ~ ~  have been a p l o y e d  
by tk authcu-s to r  t ne  quant i ta t ive  masureznent of t h e  aromatic carbon. 
t h a t  by these mthods of t r e a t m a t  the non-aromatic s t ruc tu re  is preferer. t ial ly oxidized 
or devolati l lzed leaving the  aromatic skeleton of c o d  unaffected. 
t ha t  t h e  mechanisns of oxidation o r  pyrolysis of  c o a l  are not a s  sijn-de as that. Sence, 
i n  m r e  recent workJ+2,13 fu r the r  support of the  v a l i d i t y  of the oxidation and pyrolysis 
techniques h a s  been obtained by applying t h e  methods on reduced coals. ,This is  because 
in reduced coals t h 3  Zssential  i 'eatures of t h e  o r i g i n a l  s t ruc tu re  are  oelieved t o  be 
retained, but t h e  d i sc r ib i t i on  o f  carbon atxi hydrogen in two forms, aromatic a d .  non- 
aromatic, a re  d t e r e d .  

A ser ies  of v i t r  

t o  be aroinatic in character. 

it is believed 

It may as well ke 

were reduced with l i th ium and ethylenediaaine follo'niing the  
technique of I. Xender tY and h i s  co-workers. Th i s  treatment c rea t e s  f resh  hyi roaromt ic  
s t ruc ture  at the  expense of the aromatics. 
tineoretically calculated from the  amount of hd rogen ,  added during reduction provided that 
the  a r o m t i c i t y  of t h e  o r ig ina l  coalaas determined by chemical techniques are assuned 
to be correct. 
as by pyrolysis stlidies have oeen found to be i n  exce l len t  agreement with the  theo res i ca l  
valu.:s as r e p r o d u ~ e d ~ 4 3  i n  'Tables 1, 2. 

da ta  espec ia l ly  tr?OSe45-46 put forward. by the authors (Taable 3)  a lso  give values of 
a r o m t i c i t y  A i c h  are in g o d  agreement wi-Lh those determined by t h e  chsnica l  sethds  of 
oxidation =a pyrolysis (3ig.lj. .  The va lues  of a romat ic i ty  obtained by chemical tech- 
niques can perhaps be t aka  t o  be more precise than those deduced e'arlier by physical 
technique s . 

The aromaticity of  reduced c o a l s  can be 

The a roaa t i c i ty  of the reduced coa l s  as determined by oxidation as well 

13-14 hecent physico-chemic al ~ i e d u c t i o n s ~ ~ ' ~ ~ ~  50y66'68 'baaed on i n i r a m d 4 '  and n-m-r 
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Now t h a t  a -gecise est-te of ar6maticitx is avajlable from chemical. methods, 

It i s  found t h a t  the values  
it is of interest t o  compare such values w i t h  those ear ' l ier  assessed oy a number of 
physic& techniques. 
of "ordered" carbon obtained by x-ray d i f f r a c t i o n  s tudies3 closely f a l l  i n  line with 
the mst .acceptable  valugs of arornaticiLy, Assessment of non-aromatic s t ructure  and hence 
of t he  aromatic by i n f r L r e d  s tudies  i s  rendered d i f f i cu l t  because of the lack of 
precise data on ext inct ion coefficient.  r a t i o  required for  computation. 
v a u e s  of aromaticity could te obtained by such m t h d s .  
mat ic i ty  obtained by I.G.C. Dryden47 by a s tudy of  the self-consistency between several  
physical  techniques are  about 5 -Lo Lo p e r  c e n t  higher than those d i r e c t l y  obtained by 
chemical studies and c w t  be reconciled with the  values of alicycUciGy obtained by 
the  aut,he ~ 3 7 . .  The values of armnaticity deduced by any o f  the a t a t i s t i c a l  Lechiques 
inada by van Krevelen and ~ o - w o r k e r s l 9 - ~ 3  are also 10-15 per cent .higher than those 
obLained later by chemical techniques (Fig.1). Their values of aromaticity can also 
not be reconciled vdth 'the most i r e fe r r ed  values of a l ic j rc l ic i ty  (determined in these 
l abora to r i e s ) ,  because the sum of the two exceeds the t o t a l  carbon i n  c o a l  ( table  4). 
If the munt of methyl carbon i s  taken in to  consideration the discrepancy would increase 
a t i l l  further.  

Such comparison is  depicted i n  H i . 5 . 2 .  

'Thus no firm 
The p-efemed values of aro- 

It w i l l  be of, in te res t  to note t h a t  tha differences between values of aro- 
matici ty  obtained by d i f f e ren t  tecihniques are grezter  i n  the case of coals  of lower 
rank, but tney tend to narrow down f o r  higher rank coals. 
bjr the  inherent d i f f i c u l z i e s  -in the accurate ineasurement of t he  physical parameters 
owing t o  the possible interference by the  presence of more oxygenated groups in coals 
of lower rank. 

This  may perhaps. be explained 

Information about t h e  disposi t ion and character of the non-aromatic carbon 
in coal has recently been ootained oy Ghe authors  by a s e r i e s  of dehydrogenation studies 
It has been show chat Ghe non-aromatic s t ruc tu re  of coa l  is predominantly a l icycl ic .  

32-40 , 
i 

The f i r s t  estimates of a l i c y c l i c i t  $233 were obtained by employing Vesterbrg 'e  .' 
t echnhue  of dehydrogenation. The r e s u l t s  so obtained were confirmed by a n o t h s  method 
gf deh$irogeenation with iodine. 
of the carbon i s  in a l i c y c l i c  combination i n  whs bituminous rage (carbon : 8 C S O  oer 
cenT,). 
c a l l y  non-exiscent in t h e  anthraci te  stage. . 

t ion  and obtained much higher resu l t s .  It has r e c e n t l y  men shmn by the authorsF%: 
the higher e s t a t e s  of Peover inay have been aue GO so= systematic s r o r  in  the polaro- 
graphic determination of hjdroquinons produced as a r e s u l t  or' the dehjdrognat ion of 
coal. In f a c t ,  an invest igat ion of t h e  'knzoquixone imthod i n  ~ e s e  laboracories has 
shown t h a t  ~ h e  criree me-hods of dehydrogenaGion viz .  by sul,&ur, iodine ard benzoquinone 
are comparable in so far as '&e extent of dehydrogenation possib+ i n  d i f f e ren t  rdnb 
of  c o d  (Iable  5 ) .  

Phase estimates iariicated chat broadly-10-25 per cent 

The a l ic . ;p l ic i sy  p rogess ive ly  diminisnes with increase i n  rank  and is practi-  

Subsequently, iVi.i.Peover@ introduced Zhhe benzoquhone nesncd of dehjd 

F u r t h e r ,  the app l i cab i l i t y  o f  Vesterberg's technique in the dehdmgeaaiion 
of c o a l  structum has been cor rowra tea  by determinaGion of hydroaramaticity in reduced 
coals.\ It has been fourxi49 that the f r e sh ly  created hydroaromatic s t ructure  in the 
reduced coals undergoes dehydrogenacion with sulphur guantitatively,agarently without 
any side reactions. These results y e  reproduced in i a b l e  6 .  

'rhus, the values of a l icyc l ic i t j r  o r ig ina l ly  presented 32-33 from these . .  
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l s m r a u r i e s  i n  1S5a should be t r ea t ed  as l a rge ly  cor rec t  (Fig.  j) . 
mount  of i~yjrogen which could be added t o  coa l  a t  any stage of reduction a u l d  Je 
quant i ta t ive ly  r-ved49 during dehyomgenation with sulphur @ as l e  6 ) .  This indicates 
t h a t  coa l  s t r u c u r e  i s  perhaps unique i s  its chemical r e a c t i v i t y  and *&at she estimates 
of a l icyc l ic izy  obtained by treatment w i T h  sulphur are ?oss io ly  che inaxiam values. 

An iilirediate consequence of  dehydrogenation s u d i e s  has been the recognition 

I n  f a c t ,  the 

of t he  f a c t  tnar, t h e  sun of aromatic and a l i c y c i i c  carjon a?pears t o  be v i r i u d l l y  
conscanc a t  the l e v e l  of 92 per cenc or' t h e  t o t a l  c a r m n  in coa l ,  irres-3ective of i t s  
I_ rx,k,  f r o 3  = s i t e  LO the hichest  rank b i tu inous  coal. 
emerged f r o a  Ghe pyroiysis s td i e s  on dehydmgerated coa ls  a d  a d s  ?re-Lzeated W i t h  
d i f f e ren t -  chmic2.l reagects 7. 'The a roaa t i c i ty  progressively increases a t  the expense 
of the a l i cyc l i c  s t ruc ture ,  with increass & r a n x  and tr2is appears t o  be the -zincip-al 
nechanisdo inmlved  in .geo-cnemical metamrphisn of coal i n  the .aituminous range. 
impliczcions of t h i s  concep  has been discussed elser~ilere40 and has possibly led 50 a 
be t t e r  undarstanding of t h e  pa t te rn  of coa l  swucture  and i t s  variation durQg The 
ger.esis of coal. 
by the present authors4546 (Table 3) &so s i n t  to t h i s  wns tan t  fea ture  o f  cod. 
s t ruc ture  . 
(b) AliDnatic Combinasion 

T : i e  sane conclusion repeaLedljr 

i he  

'ihe physico-chenicd deductions l a t e r  imde by ii.7. Gaines70 as w e l i  as 

A s  t h e  a roaa t ic  and a l i c j c l i c  ca -bn  consti t i ; te a b a t  92 ,mr cent of  t he  t o t a l  , 
carbon in coal, the  a l iphz t ic  car'mn would mount to &out 8 per  cent. ~ s ~ e m p i s  :=de 
by several  workersji53 t~ estjlnate the mthy1 groups in coal by employing Xuiin-i?oth 
reaction have indicated t h a t  hardly >4 per cent o f  the carbon is possibly present i n  
t h i s  form. 'This leaves anotner  4 per cent of t he  carbon unaccounted. F r o 3  ce r t a in  
s t r a c t u r a l  considerations the F e s e n t  authors suggested S a r l i e r  ~ n a t  %his anaccounted 
carbon could also be present27,ko in the form o f  meLnyl groups. 
iCuhniioth mthod cannot .te applied f o r  the quant i ta t ive  ustarmination of C m t h y l  groups 
l inked to aromatic s t ruc ture  and knee estimates oz' .2-methyl groups by such proceiiure 
can only be mirrimum values. 

It is  welJ-kzown that . ' 

*om recent p.s.r. measurements made by i)th & Tschamlerl' it appaars  st 
3G-35 per cent of hprogen  may be present as consticusnts of .&m-thi-l groups i n  coal. 

T h i s  i s  consissenL with the authors' view t n a t  about 0 per cent oil carbon i n  coa l  i s  
present aa methyl groups. 
autnors d s o  l ead  to a similar conclusion CTaaDle 33. 

Pecent physico-chemicd dzductions45 made by the present 

Xevertheless, direct eqe r imen ta l  proof f o r  the above supposition i s  y& t o  
c i m .  
in coal  strucuure cannot be disregsrded in view o f  strong indications for t k  s c m  fron 
dshyir ogenat ion studie s33. 

Q van ii-evden tt al 

In  t n i s  context the question of r,he probable presenca OZ anfii~ar mztilyl g o u p  

----'-"--"-'j7---------------------I-------------------------------- 
had questioned 5he vdlidiLy of Vesterberg's teen+ ue, i n  the  

selective denydrogenation of tk a3icyciic ssrucwre.  
since then M i c a t e d  chat side-reactions, ii' any, appeared to be n i n o r  am, accor- 
dingly, a revised estimate of m i n i m a  a l i c s l i c i t y  w a s  presented. hxever  in more 
recent studies49 by b e  authors 3n reduced coa ls ,  it a29eax-s tha t ,  i n  so f a r  as coa~. 
deh:,drogenation i s  concerned, t he  'Isster'cerg's technicpe i s  possibly soecific in 
E.he denydmgenation of t he  alic;;ciic s t ruccwe.  
developments i s  being presented elsewhereh9. 

Furche r  studies2 3 939 made 

li fi l l ier  account of t he  recent 

-----_--------------------________I__I-----------____----------- 

V 
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HW-miY 

From & m i c a  s t u d i e s  i c t e q t s  Lave also been nade t o  d;.tern;ine t h e  difzere& 
of hydrogen in coal, a r o a a t i c ,  a l i c y c l i c  and dlighatic.  Oxiaakion and p p o Q s b  

techniques nave enabled masurermnts of hjdrogen broadly i n  two f o r m  - aroinatic ana 
non-axomtic. Such measureEnts are not in good agreement xi& those sssassed by inirac 
red s tuaies .  'The. discrepancy between these two sets of e s t i s u t e s . i s  possibly duz t o  
inherent d i f i ' i c - t i e s  ir, the  zLeBsurerMnts of o s s i c e l  densi ty  and i c s  in te rpre ta t ion  
wfiich requires precise values for the e x t i m s i o n  coef f ic ien t  ra t io .  
matic and rion-zosatic hdrogen nade oy she authors by oxidation a d  p:n-olysis are 
m t u a l l y  consistent (Sig.4). 
same techniques of oxidation a& pyroly,sis can a l so  be successi^uily a p l o p d  t o  deter& 
t h e  a t e r e d  d is t r ibu t ion  of h%-ogen in reduced coals.  It m y ,  -thsr81^3re, be cnnciudad 
that the var ia t ion  of hTiirogen i n  arosa t ic  and non-aromatic form with increase in rank  
as detieraimd by chemical. mthods by t h e  authors c m  be c o n s i a e r d  t h e , _ p s t  acceptable 
a t  the monsut. 
l a t e r  out oniy by the  pyro l j s i s  Lechnique : h i s  r e s u l t s  a r a  ir? agraensnt with t h e  
authors '  v2Lues ar,d &re a lso  shown in Tig.4. Probaoly re-assessmnt or' the s t i a c t i o n  
coer 'f iciant r a t i o  i n  case of hfrz-red r e s u l t s  mag reconcile tne discrepancy ix-meen !he 
two s e t s  of e s t i m t e s ,  made by phys ica l  wd by cheaiczl  methods. Z.i.tj,wn e t  alL0& 
havs c l a i m 4  \;o have given su?-mrt t o  t n e i r  p r e f e r r d  values of exzinction coeff ic ient  
r a t i o  on the bas i s  or' recenL s t u c i e s  on c o a l  disti&tes, out such vacuum d i s t i i l a t e  of 
coal  nay not represent the C O ~  structu:s. autnars 
(and which nas k e n  recent ly  confirmd26) t h a t  such d i s t i l h t e s  Fiaariiy 0rigiaat.e f ran  
the d i c y c l i c  s t ructure  in  c d  (f'ig.5). 

The estimates of am- 

Further ,  it has been rzcent ly  shown elue*&erejL that the 

Such detersinac.ions were d s o  r e F r t e d  by V a n  i(r':velen;y a few m n k s  

It has been e a r l i e r  shown3J+ by 

Coal is beiieved t o  ham a polymeric or  perhaps Wly-condensate assemblag 
of s w u c t u r a l  units of varying aiirensions. 
c lus te rs  i n  such s t r u c a r a l  ' u i t s '  is a s  inpor tam as t h e  study of the s t a t e  of coizbi- 
nation of c z r a o n  and hy3rogen. dy Oxidation scudies &e autnors had also at tezqted an 
d s s e s s a n t  of the  a a r a g  s i z e  of aromatic-nilcleii .  .<-cording -GO Lhe mciianisfi o f  
oxidation suggssted by  the authors ,  the  l i na l  osidised residua of coa l  is je l ieved i o  
retain the  aromatic s b l e t o n  of coal. ;ience che atomic ri/C r a t i o  of tha nypothatical  
unsubsti tutad aromatic s k e k i o n  corresoonding t o  the oxidised coa l  would give a measme 
oi the average size  of the a r a n a t i c  nuclei i .  it has been foo;lod27 that Lhe a v e r a s  size 
of aronat ic  r u c i e i i  does not vary m c h  in tne b i t w i n o u s  rangt (carbsn : 3.2-51%) and 
i s  - x s s i b l y  const i tuted OF 4 t o  5 pol.pcondensed_'bsnzene r ings per =an s t r u c t u r a l  unit 
@able 7 ) .  L a r l i e r  s tudies  on x-rw di f f rac t ion3  acd on diunagpetic suszeptSuili tyU' -_ 
of coa ls  lsi to si;lilar assesszents.  Zeceni n s a s m m n t  of e lec t ron  a a i v a t i o n  e n s g y > g  
also support the z.ave estimates.  
c h e n i c d  zizasureinsnts (?abie 7) it may, therefore ,  're concluded '.at-possibl;r a f a i r  
e s t i s a t e  of the size o f  t h e  a r o n a i i c  u n i t s  is now a v a i l a u k .  

che zeasurement 02 the s i z e  of aromstic 

in view of the  consistency oez.ieen che physical  and 

3 .s .3iggs 
(1936-373 

59 

.~ ~. t h a t  the ' u n i t s '  02 c o a  s t r u c a r e  ~ U S G  're snaU in size. The i s o h c i o n  of 
d o d e c a  and tet r a d e c a  hydr o phenanchene ana hexadeca ana o c m i e c  a h y a r a c i r  y sene c a r e  s- 
pending ia 3-4 ring syssems sv-ould now aprear a be s i g n i f l c a t  in the  l igh t .of  E a s x e -  
ments of aroaatic 

Xild hydrogenoljrsis o f  coal  ex t rac t ,  res idue or c o d  i t s e l f  by d.Y.8iggs , 
and J.?..ieiler60 as well as by ;.Le Glaire5l had also ba t o  the  r e c o g i t i o n  

ring s i z e  by physical  and cheuicd. imcnods. 

~ ~ ~ ~ ~ Q I ~ i I j  

The techniques of  s e l s c t i v e  oxidation and pjjol..pis i n  conjunction +ai+& 
dehjxirogenation s t u a i e s  have possibly yielded she mst  acceptaole infornaLion on t h e  
state of coabina;vion of c a r w n  and hjrdrogen as :11_pU. as on the s i z e  0 2  t h e  arosaLic 
nucleus. 'The howledge Ghat has  been acquired is  s u m w i s e d  in  abl le 3. 

Perhaps the t im has now COM f o r  reor ientat ion of the studi8s on t h e  consti- 
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t u t ion  of coal. 
before t h e  mcro-molecular s t r u c t u r a l  pa t te rn  of coa l  can be prec ise ly  depicted. 
pmoleus tha t  remain M be solved a r ~  : 

There are s t i l l  RWW gaps in our knowledge which have to be bridged 
Such 

( i )  .dhether c o a l  is a polymer Fn t h e  t y p i c a l  sense; 

i i i )  If so ,  k a t  i s  t h e  nature of t he  p o l p e r ,  especially t h e  -sure of 

( i i i )  'The spec i f ic  sizes of t he  individual structural 'un i t s '  of coal, i n  
pa r t i cu la r ,  t h e  d i s t r ibu t ion  of molecular weights among such 'units' 
which may not ,be a l l  i aen t&caL 

linkage betw*n the 'units' o f  coal struccure; 

. In fo rmt ion  on the polymeric character oE. c o a l  has been forthcoming from 52 
studies on solvent ex t rac t ion  and those on hydrogenolysis. 
from a siudy of t he  l i q u i d  p o d u c t s  obtained from h@rogenolysis, were led t o  conclude 
t h a t  c o a l  s t ruc ture  has possibly r epe t i t i ve  units just  a s  i n  a t y p i c a l  p0l;rrCler. 
Conf i r s t ion  of tiiis polymeric corxept has a l s o  possibly emsrged i h m  the r e c a t  scudies 
of  t h e  authors63 on she reac t ion  of permanganate on coal. It nag been snmn tha'i atay 
s tags  of d e s a d a t i o n  the  res idua l  coa l  l e f t  over a f t e r  reac t ing  coal w i i h  e i t he r  acidic 
or alkaline permanganate r e t a i n s  v i r t u a l l y ' t h e  same phys ica l  and chemical properties as 
tha t  of  t h e  o r ig ina l  coal ('Iaole 9). 
polymerisacion of t h e  c o d  s t ruz tu re ,  followed by decomposition of the fragments in*a 
water soluble products like caroon dioxide, oxalic acid and 'benzene polycarboxylic 
acids. 

R.A.Glenn and co-workers, 

, 

This  could perhaps be explained as a case of de- 

The next s tage  is obviously t o  havz adequate information about the  ac tua l  
r epe t i t i ve  'un i t s ' .  This can only be possible by i so l a t ion  of t h e  ' un i t s '  of coa l  by 
depolyaerisation and determination of m l e c u l a r  wei&ts of che ' un i t s '  thus isolated.  

Another equally important hiowledge t o  be sought i s  about. t he  naturo of 
L i t t l e  o r  no information is available on t h i s  aspect a t  linkace betwean the  ' un i t s ' .  

the mment. 
of the  i i spers ib i i l i ty  of c o a l  in alkali (espec ia l ly  in lower ranks of coal)  m y  revea l  
usefu l  information. 

Studies on t h e  mechanism of solvo1;rsis of coa l  i n  organic solvents and 

In 1957 the  authors6' had indicateci t h a t  t he  d isso lu t ion  of l i g n i t e  i n  
alkal i ,  even a t  room temperature is not ne re ly  a physical process bat i s  pro3aol.y 
preceded by hydrolytic s p l i t t i n g  of boms oet-heen t n e  'units'. It w a s  suggested tha t  
in Lignite (and.in cos) the par t  t h a t  gives r i s e  t o  h m i c  acid and t h e  residual 
pa r t  a re  possibly linked oy flavone o r  similar type of link@ (e.g. pyrone, lactone, 
ecc.) which are susceptible t o  claavage i n  presence 0: alicali. i-icwever, it i s  prema- 
t u r e  t o  conclude anything d e f i n i t e l y  6ut  it i s  believed that fur iher  work on t h s e  
l i n e s  and others may k a v i  @.eater l i g h t  on t h i s  h q o r t a n t  aspect of coa l  structure.  
X f4U-r  knowleags of  Qe naGur;? of t h e  'Unaccounted' oxygen i n  c o a l  vis-a-vis the 
d i s p e r s i o i l i t y  of coa ls  in a l k a l i ,  ana o f  the mechanism of regemrat ion  of huaic acids 
from a c m e  coals,  may also be of help. 

%sides the above basic considerations, we have yet to h o w  more prec ise ly  
a.mut the character of nitrogen and sulphur. They are minor elements i n  C O ~  but are 
believed t o  be i n t e g r a l  pa r t s  of t h e  coa l  struccure. .  Information on t h e  state Of 
nitrogen has been scanty, though, of late, it has been suggested65 t h a t  it may be 
l a r g e l y  prezent as functional grou;?~. 
exact. 
as those of carbon and hydrogen. 

About sulphur, our lcnodedga is even less 
Phe s t a t e s  of combin&ion of these ;ninor elements i n  c o d  are  jus t  as  dFJrtat 

The authors are gra t e fu l  ic~ 3k. 5.?.iajuidar, Zhief Infon:.ation CffiCer, 
Cent ra l  Fuel hesearch I n s t i t u t e ,  f o r  many valuanle suggestions halp in ef fec t ive  
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presentation of t h e  present r e v i w .  
l iwrawre survzy anu m campilauion of t h e  m u s c r i p t .  

Thanks are due GO Le. k.:.bttacharyja for help in 

3IiiLIOGXAPHY I 

1. 

2. 

3 .  

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

u. 

15. 

16. 

17. 

AGL~ON, J.B. - X-ray Studies of  the Ultrafine Structure of Coal - 11. Atomic Distri- 
bution Punctim of 'iitriniLe fran Bi tuminous  Coals,  Fue l ,  1954, a, 153, 381.  

HIRSCH, ?.a. - X-ray Scat ter ing from Coals, Proc. aoy. SOC. .%. , 1951, 226, 143. 

HIiiSCH, P.3. - Conclusions froin Lray Scat ter ing Data on V i t r a i n  Coals, Proc. Sheffield 
C o d .  on "Science j.n tha Use of Coal", The Insti tuLe of  Fuel, London, 1458, 
p.". 29. 

ifLG&..jW, J.K. and HIfiSCH, ?.a. - Zecent Infra-red and Lray Studies of Coal, Nature, 

c&i'z, L, ~IAPDNI), a and H l E 3 . X ,  ?.a. - Kew X-ray  Data on Coals, Nature, 1956, 177, 500 

DIAMC&D, R. - L r a y  Studies o f  Some Caroonised Coals (Ph.D. Thesis,.  dnivers i ty  of 

1955, 175, 22-9. 

Cambridge, 1956). 

DLGDWi, R - A-ray  Giffract ion Jata for Large homat i c  Elolacules, .Acta, Cryst. 1957, 
10, 355. 

RULMD, d. a x i  'TSCiiXUL, H., iiontgenograpnische ikst imnung der h m a t g r o b e n v e r t i e r l g  

3, 363. 
in einem T i t r i t  und Seinen LxLraktionsproducten, drennstoff-Chemie, 1958, 

HiQ4N, J.K. - Infra-red Spectra of ioals, J. Chem. Soc.(Lond.), 1955, 7% 

at i tk iN ,  J.K. and LANUZL, iU.2. - A Study of the'kiydrogen d i s t r ibu t ion  in doal-lih 
14aterials by High-resolution Kuclear Xagmtic iiesonance Spectroscopy 11 - 
Somparisn with I n f r a r e d  XJieastirement and the  Gonversion t & a r w n  
Structure ,  Fue l ,  1950, 5p,87. 

, 

S-tOioivN, J.K., LHhii3&, i4.k. and SWPiZi3, N. - A Study of the Hydrogen Uistri tut . ion in 
Coal-& Platerials by &i&-resolution BLiclear Nagnetic Zesonance SpxGro- 
scopy - I - 'the Xeasurelrtent and Interpretat ion o f  -&e Zpeccra, F u e l ,  1960, 
2, 79. 

&U, C.L.B., B I J W S ,  2.3. and LRL, B.ju. - Nuclear Nhgnetic Studies on Coal 

i . , ~ K i S i ,  ~ . . E i .  ana S T A Z Y ,  A.2.  - h Proton iYagnetic Xesonance Study of Coals and So& 

Structure, drennstoff-Chemie, 1'958, 3, 30. 

Soluble Fractions or' Coal, Fuel, i961, l&, 295. 

1961, @, 452. 
LAND&, >:.it. and S t ~ C Y ,  A.E. - So- i h c u s s i o n  on P o s s i b b  204 SGructures - Fuel, 

OrH, J.Z.X. a d  i"SCL,XGt, a. - Comparison and Lnterpretation of Proton Spin heso- 
nance ikasuremnt  on a Coa l  S r a c t  in the Solid 5LaLe and i n  Solution, 
Fuel, 1961, &, U9.  

INW.X4, S.J.L., i&.LY, G.G. , J A C S C N ,  2., 30?ID, d.L. and WFtPiAGMi, a.3. - ?ma- 

I IE2id?;jrFD, J., Zl'IiiiW!, A. , and. CoI.LpIISCiv, J. - Paramagnetic iiesonance, a Xew 
?roper'cy o f  ' h a l - l i h  Materials, Nature, 1954, a, 6 u .  

magnotic iiesonance in Sarbonaceous Solids, ha t i re ,  1954, 12, 797. 



3.8. -* J. and V b i  ILEZVZEN, D.%. - Chemical Structure and Properties of Coal - 
AI11 - Electron Spin Eesonance of Vitrains, Fuel, 1959, 3, 355. 

19. VU K K r ; V G N ,  D.:.i. and Cki%iDI, H.A.G. - C h e k c a l  Structure and Properties of Coal - I : Elemntary Composition and Density, Fuel, 1954, 2, 74. 

23. V.di IGllWm-, D.&. and CKGtXIP!, H.A.G. - Chemical Struciure  ana Properties of C o a l  
(V) uomat i c i ty  and Volati le Hatter, Fuel, 1954, 2, 338. 

J 

21. SGNYFLi, J. and Vfi E U L E N ,  D.X. - Chemical Structure  and Troperties o f  Coal : III - Holar Zefraction, Fuel, 1954, 2, 176. 

22. VI& KdEiLZiG, D..d. and SJHLlYEh, J., Chemical Strucsure and Properties of Coal - 
XIi; : Bevaluation of the  Strucsural  Parawzers  o f  Vi t r in i tes ,  
Fuel, 1957, %, 313. 

23. VAN K k S V . & ,  ad., C-iR.:, H.X.G. and &3iU-Yiih, J, Chemical Structure  and Tropr- 
ties of Coal : LIV - Sound Velocity and Fraction o f  Aromatic 
Carbon - r’uel, 1959, 38, h83. 

I 

24. HDNDA, H ard OUCHI, IS, Hagnetochemistry of Coal (I), hgnetic Suscep t ib i l i t y  of 
Coal, Fuel, 1957, s, 159. 

25. HAZJMD&, 3.L. , U&P, K.S.ROY, S.6. anl LAHEX, A., MechaniLs der  Oxydation de r  
Kohle - Srmnstoff-Chemie, 1957, 2, 305. 

1 .  

’ 

26. ~ ~ U I ~ i D A F t ,  B.K., CmMfimY,  S.K. and MEI, A ,  krona t i c i ty  and ;*dation of 
Coal. - J. sci. industr. Res., 1957, 163, 275. 

27(a). CHAKna&G:rfY, S.K., IWum~3, 3.&, IiOY, S.X. and LMI31, A, Strukturparamter 
Von &hle aad G r u n d  Ton -ation Tersuchen - &ennstoff-Chemie, 
1960, Q, 13a; 

27(b). CHAiGiABhF.TfY, S.Z., i&iZiEDA?., 3.K. and LMIiiI, A., Disposit ion of Hydrcgen in 
Csal Structure, Fuel ,  1358, 2, 498. 

a. i ,um,~$. ,  a.K., CF&&&‘~ZI, S.K., S m ,  ia., &.3JN3, L.S. and L.3G-.19 d. ,  A m h e r  
Studies on the %kchanism of  OxidaLion of Coal, Fuel, 1959, 38, 
169. 

3. M m Q k i ,  &K., CH&ZLid&l’TY, S.K. and LAHZI ,  A ,  Determination of Aromaticity o f  
Coal by Oxidation, J. s c i .  industr. Les., 1962, a, 84. 

31. I a i iU&,  a.K., C.iLXiia~qTfY, S.K. and LxtEdI, A . ,  T y r o l y s i s  and I t s  he la t ion  to  
The S t ruc tu ra l  Pa rme te r s  of  ; G a l :  Proc. Syap. on tne “Nature 
of Coal”, CenGrdL Fuel Research Insti tuGe , Jealgora,  India ,  1959 
Feb., p. 253. 

32. LQiZii,DAd, B.K., CKOUQnUhY, S.S., C H ~ I C ~ L A ~ L Z T Y ,  S.K. and IAilZ-LI, A. , Dehydrogena- 
t i o n  Gtpdies on 2oal : J. sci. induszr. des., 1958, lJ3, 509. 

33. IumAk, 8.K., CM<ir i tu iL”CY,  S.K., CHQiOiTJHL-.Y, S.S. and LrtiiLqI, X., 3ehydrogena- 
t i o n  S t d i e s  on Coal, Pmc. S w .  on “Mature o f  Coal“, C.F.n.1, 
Jealgora, India ,  Feb. 1959, p.219. 

34. kmil?., B.K., CHrxilMAr.Tl’Y, S.R. and LZIHLrI,A., uehydrogenation and f a r  For- 
mation, Fuel, 1959, 3, UZ 



72. 

35. W a ; D G ,  B.K., CWUDRiFil, S.S. ana W M I ,  A., Al icycl ic i ty  and Smke Emission 

36. i*MlX4DAZ, & K . ,  CHCkiDKGY, S.S. and LAfLGiI, A. , Dehydrogenation. of Coal oy Iaiine, 

37. wim~, B.K. ~~rrr~x:m-m, A.c., Gdimr, s and -&I, A*..; m c g c l i c i t y  of 

3. XUiJi4DA~., B.K., C i i G A i 3 A 3 i T X ,  S.K., E, N.G., GAXiJLT, S. and LiHELI, A , ,  Further 

39. i%biGIS,B.K. D5,N.G. and +Li..iELi, A., Dehydrogenation and A l i c s l i c i s y  in Coals - J. 

of Coal - Eature,  1959, l&, 1613. 

Fuel, 1960, 3, 179. 

.: 
an kmraisal, Fuel, 1962, &, 105.' . .  

Studies on the  Dehydrogenation of Coal by Sulph~, Fuel, 1962, &,l,2li 

sci. industr .  ?.es., 1962. 2&, 36. 

40. KizU1.5Ai3, B.K., C K d K W T Y ,  S.X. and UiiIiLI, A., S3me iispects of the ' Jonsti tktion 
of Zoal, Zuel, 1962, Q, 129. . .  

41. WPE, w.b, a& e t  dL - F.esearches in the L?lemistry 02 Coal.- Pro=. Eioy. Soc. A'. , 1926, 
537; 1950, z, '480; 1938, My 492. 

42. d%'TAZiILFiTLi, A.C., i&ZijXilAi, B.K. and LAEIBI, k., Zuel, Lond, in YOSS. 

43. W T A C & X U Y B ,  A.G., E U&, 3.K. ana L A H I k I ,  A., Fuel, Lpmi., in  F e s s .  

44. E.EC.(;EL, 3., hADGN3, it.&, STdi2Si, ;i.A., r?iIdGKL, R.A. and i i S ! D ,  I., heduction 
of Goal bx Lithim-Lthylenediamirk Studies on a S s r i e s  of Vitrains. 
Fuel, 1961, 40, 339$ also, Fuel, Lord. 1958, E, 126. 

45. iULM.Uk, AX. and L-.-ZRi, ii., The Probable Dis t r i t u t ion  of Carton ana iiyorogen 
Groupicgs is Coal, Fuel, 1962, in press. 

16. iGZiiMBX, 2.K. and LAhIXi, A., Tha Dis t r i i u t ion  ,on tion-&omtic Group in Coal - J. 
s c i .  industr. iiss., 1962, in press. 

47. iE13EX, 1.ti.i. , Chemical Structure  of Coals : A >le$nod for  Comparing iJata of Diff- 
e r en t  Origins and For Testing Se ts  of h t a  f o r  Self-consistency, 
Fuel, 1958, 12, U. 

42. PZO;olm, K S - ,  Dehydrogenation of Coals -by paenzoqmom, J.G.S., 1960, 5020.. 

49. BHCi'.<C.!IARYYYB, A.C. , Private C o m i c a t  ion. 

50. G A E G S ,  A.F., The G i s t r i m t i o n  of Aliphatic Groups in Coal, Puei., 1962, a, I32 
jl. KINhEY, CB., 'The Source of  Acetic Ac.id Obtained by Oxidation o f  Soal, J.A.C.S., 

52. &OOU,  J.D. , 3iilZ, B.A., SiZRK-ZLL, S.,  Chenissry of 3rown.CoalS - If1 : Ppol.y%ic 
Keactions,-.iustr. J. Appl.. Sci:, 1958, 2, 303. 

53. KAcZIs&, F., ZAO, 2.3. and LL-LRi, A., Caraon hound-Eethyl Groups in Coal, Roc .  Spm;,. 
on  he Kature of Coal, C.r'.ii.I., J e d g x a ,  India, Fab. 1959, 

1947, 284. 

P.242 

54. &%"riiCMrfi, A::., iz?aXfiD&-, 3 . K .  and WiitI, i. , Fuel, hnd. ,  in press. 



73. 

57. 

58. 

5 9. 

50. 

61. 

52. 

63. 

64. 

65. 

66. 

- 67. 

63. 

65. 

3i!ASJ ii.S., Chenical i(:ature of strScts f r o s  a Bituminous Coal, J.B.C.3. , 1936, 
58, 484. 

jGcs, ,- and ,d2'= J . .a. c ,  .r'. , Chemical Lonstir.uiion os" a Bituminous Goal as Aevealed 
by i ts  i iprogenation ;3-oducts, i .n,C.S., 1937, 2, 369. 

LZ CLAIG, G.S., Xature of a i l s  i'btained from the  hfirogenation of a r'ew rypica l  

G G k i < i ,  3..~. , C O ~ L  hpi ropnat ion  Frocess bxigiies (if) : E f f e c t s  of ireneat on Restric- 

Bituajnous ioal, L.ff.C.S., 19W, &, 343. 

t ed  dj-dgenol,ysis or" ?itr;sburg Seam h a l  : h e l ,  1954, 2, 4i9. 

3fd;nJCL., A., I.'LLJ;DA-., d.L. ana LL%-.Z, x., Action of Temanganate on Goal, Sature ,  
1962,  267. 

~*&Jji;LAiL, a,;<. , C ; % - . G b ~ . i T ,  S.:i. and L A i C k i ,  x . ,  Action of Aqueous irlkali  on 
LigniLe , J. sci .  icduszr. Bes., 1957, s, 519. 

n~10j iG~ J.D. an5 dimd, J.>i. , dasic  Litrogen in Cod,  Austr. J. +pl. Sci., 19&, 12, 
241- 5. 

..... 



74. 

................. 

..... .......... 

................. 

.................. 

I 

1 



75. 



76. 

........... .. .. 

1 



I 
- *  I ......... 

........ .-I 
I 
I 

I 
-4 I 

3 
4 

5 3- 
Z A  

77. 



78. 

C 
3 

I 

I 

I 
I 

4 .. .- . . .. 

.n lorn 
(\1 INr l  I 

* 
z1 

m 
4 

\ 

4 



I 

Y' 
i. 

t 

.......... 

................. 

.............. 

-. . . . . . . . . . . . .  

.............. 

- 
I .......... 
-. 

. . . . . . . . . . . . . . . . .  

: +  + 



........ 

.. *. 

1 ..................... 

1 

I 

I 

I 
! 
I 
I 

I 

I 
I 

I 

I 
I 
I 

I 
I 
I 
I 
I 

I 

I 
I 
I 

I 
I 

I 

I 
I 

I 
I 

I 
I 
I 
I 

I 

I 

I 
I 

I 

I 

I 
I 

I 
I 
I 

I 
I 
I 

I 
I 

I 
I 

I 
I 

I 

I 
I 

I 
I 

I 
I 

I 

I 
I 

I 

I 

I 



31. 

I 

I 

I c 
I 

I 
1 -  

I 
I .  L A  

I ;t;t-isrn: 
I 

9 
0 
-3 
G 4  
0 

i s  
1 0  
i n  

IA ?d%% 
o o o o o c  

o d d 0 0 0  

$ 

s 
a 
3 

0 

4 
0 

I ! 

+ + *  
I I: + +  3 I *  
I 

I 

I 

+ *  



+J 

E 
. - c  

0 
' 0  

m 
3 
0 
h a .82. 

3 

- 3  
q n  

I f2 
2 

i 

! ! i ........... ..; 

I l l  
I l l  

rt 
CQ 
0 
0 

r 
0 

'1 
i 

+ + 
I 

- m  m 
3 
8 W 

4 
' d  

& 
4 
rl > .  
=t 
4 
t 



' I 

,I 

p' 

PI!? CENT CARBON 

Fig.2 - Mean aromaticity of c o u  and i t s  variation 
w i t h  rank as determined by chelnicdl mthods 
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the physical and physio-chemical approaches. 
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Pk.3 - Variation of t h e  a l i c y c l i c i t y  o f  c o a l s  wi-A rank 
- values 0btainad.i.n 1952 'by dehgdrogenation 
with sulphur32,33; 
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CATALYTIC DEALI(YLAT1ON O F  TAR ACIDS 

John S. Berber and Leslie R. Little.. Jr. 

U. S. Department of the Iaterior, Bureau of Mines. 
Morgantown Coal  Research Center, Morgantown. W. Va. 

bw-temperature carbonization has long been considered as a possible 
method for  the utilization of lignite and other low-grade coals. Various fixed-bed 
processes were developed and t r ied prior to the first World War, but most of them 
met  with limited success, and none became commercially significant. In the low- 
temperature carbonization process, the t a r  produced contains large quantities of 
tar acids. Depending on the coal cazbonized and the conditions employed, the tar 
acids content of the tar w i l l  vary from around 15 to 50 percent. In the carboniza- 
tion of Texas lignite, the distillable fraction of the low-temperature tar contains 
around 25 volume-percent tar acids of which only around 3 to 4 volume-percent are 
low-boiling phenols. 
from coke-oven t a r  phenols, cresols,  and xylenols have well-developed markets 
and uses and command a good price in the pure state. 
boiling phenols or  tar acids is limited, and when marketed as impure mixtures, 
they sell at a much lower price than the lower boiling phenols. Owing to the limited 
market for  these high-boiling phenols. large quantities of these coke-oven tars con- 
taining tar acids a re  burned as residual fueL Using fluidized-bed techniques 
developed during the las t  decade in the petroleum industry, workable low- 
temperature carbonization processes have been developed and offer great potenti- 
alities, providing that the market value of the carbonfiation products can be 
increased, for example, b y  converting high-boiling tar acids to low-boiling phenols. 

The low-boiling tar acids, which are commercially obtained 

The market for the higher 

Low-temperature tars have a high degree of alkylation. Methods of remov-- 
ing some o r  all of the alkyl groups, o r  decreasing their chahz length, consequently 
are of considerable interest. 
Bureau of Mines is the catalytic dealkylation at atmospheric pressure in which the 
alkyl groups a re  split off f rom the phenolic ring, yielding lower boiling homologs. 
Numerous catalysts of the silica-alumina type developed for petroleum cracking are 
available fo r  study. 
cleavage of the alkyl group--aromatic nucleus carbon-carbon bond at the same time 
avoiding rupture of the phenolic carbon-oxygen bond, which would result in a high 
yield of phenol itself. The Bureau plans to test individual catalysts at three tem- 
perature levels to determine the most promising catalyst and the best temperature 
range, which will then be more  comprehensively evaluated to f i x  optimum operating 
conditions for maximum phenol yield. 

One method of conversion presently under study by the 

The ideal catalyst A u l d  naturally be ooe that promoted 

Three types of catalysts were used in Bureau tests performed in the bbora- 
tory glass  reactor in which low-boiling methanol solubles were dealkylated. 
silica-alumina catalyst in pellet form gave yields of light phenols of approximately 
30 volume-percent of the feed acids. 

A 

The same catalyst, crushed to 16-20 mesh, 

i 

i 
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showed somewhat greater activity and yields. With cobalt-molybdenum catalyst, 
yields of light phenols were very low, and large amounts of gas and carbon were 
produced. With a cobalt catalyst, a fair'yield of light phenols was obtained even 
though the total conversion was low. 

Experimental 

Catalytic Dealkylation Laboratory-Scale Apparatus. The Bureau's 
laboratory-scale glass dealkylation unit was set up as shown in the schematic dia- 
gram (Figure l. ). A calibrated 
feed reservoir of 250-ml. capacity was connected to a small bellows-type pump 
whose stroke could be adjusted to deliver from 15  to 3,000 cc. /hr. of liquid feed. 
The pump discharged through a length of 1/8-inch stainless-steel tubing entering 
the reactor through a glass feed tube inserted in the top head of the reactor. An 
earlier feed device was tried, consisting of a 100-cc. hypodermic syringe mounted 
over the reactor and in contact with a motor-driven rotating threaded rod, which 
slowly depressed the syringe plunger. During operation, the plunger repeatedly 
stuck in the syringe barrel  resulting in intermittent feeding and breakage hazards. 
This method was used in Runs 4 and 5, and wks then replaced by the pump. 

A picture of the apparatus is shown in Figure 2 .  

The reactor unit was of all-glass construction, designed as shown in 
Figures 3 and 4. 
0. D. by 1-inch I. 13. and 36 inches overall length, fitted a t  top and bottom with 
standard taper glass joints. 
silica glass, affording safe operation up to 900°C. Eight inches from the bottom of 
the tube, indentations were made in the tube wall to hold a perforated porcelain 
disk, which served as a catalyst support. The reactor head, made of Pyrex glass, 
had threelaper joints at the top. Through the central taper joint, a Pyrex thermo- 
couple tube was inserted, extending lengthwise through the reactor tube and 
terminating at the porcelain support. 
the third was not used. There were two s m a l l  side connections with spherical 
joints, one for the entering of the carr ier  gas and the other for a pressure tap con- 
nected to a mercury manometer for measuring the pressure drop across the 
reactor packing. The bottom adapter, also of Pyrex, served to connect the reactor 
to the product receiver, a 500-cc. Erlenmeyer flask of actinic glass, immersed in 
an ice bath. Exit gases passed off through a small side tubulure and were metered 
through a wet-test meter. A tube packed with glass wool was placed in the off-gas 
line to protect the meter against dust o r  carbon particles and entrained vapors. 

The body of the reactor was a cylinder approximately l-1/4-inch 

It was fabricated entirely from "Vycor" 96 percent 

The feed inlet tube fitted into a second joint; 

The reactor w a s  mounted vertically within an electrically heated furnace, 
31 inches overall length with a heating zone 30 inches long, rated at 2 , 2 0 0  watts 
and operable to 1,850 "F. 
a variable transformer in the power supply to the furnace. This furnace was 
installed after Run 22.  Before that, two smaller 750-watt furnaces, each 13 inches 
long, were mounted end-to-end to encompass the reaction zone. With this arrange- 
ment, an unheated zone occurred where the two units came together, causing heat 
losses at that point, consequently, a poor heat transfer. A more uniform heating 
was obtained using the larger furnace. 

Temperature adjustment and control were obtained with 

Helium was used as the carr ier  gas to maintain flow throughout the system 
sweep feed and product vapors through the reactor. and 

f rom cylinders through appropriate regulators; the flow rate was measured by a 
The gas was supplied 



4 c 

U 
I.,,.. m 

Figure 1 .  Schematic Diagram of the Laboratory G l a s s  
Dealkylation Apparatus. 

Figure 2. Picture of the Dealkylation Unit. 
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Figure 3. Dealkylation Glass Reactor. 
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Figure 4. Picture of the Dealkylation 
Glass Reactor. 

89. 

f 



90. 

rotameter and was adjusted with a mall needle valve at the rotameter inlet. 
peratures in the reactor were measured with chromel-alumel thermocouples con- 
nected to a Brown "Elektronik" six-point recording potentiometer. The pressure 
drop across  the reactor packing, as noted before, was read on a mer- manometer 
connected across the inlet and outlet of the reactor. 

Tem- 

In preparing for a test, the reactor tube and top head were assembled, and 
A weighed amount of catalyst was poured into the thermocouple well was inserted. 

the reactor through one of the openings in the  top head. The height of catalyst above 
the support disk was measured, and the volume was calculated from calibrationdata 
previously obtained on the empty tube. Glass beads 4 mm. in diameter were poured 
on top of the catalyst to a convenient height, forming a preheating zone. The reactor 
was clamped into position within the furnace, and the necessary connections were 
made with the rest  of the apparatus. Feed material was added to the feed reservoir. 
The specific gravity of the feed was determined at room temperature by weighing a 
graduated cylinder containing 100 ml. of feed. 

Procedure. The tar acids for the dealkylation study were obtained from 
samples of low-temperature lignite tar supplied by the Texas Power and Light Com- 
pany. The samples were products from a solvent extraction pilot plant in which 
hexane and methanol were used in a double-solvent operation to separate neutral 
and acidic components. Tar  acids were recovered from the methanol extract by 
first stripping off solvent, then distilling the acids into two fractions designated as 
high-boiling and low-boiling methanol solubles. 

We originally planned to use the total high-boiling methanol solubles for feed. 
This material w a s  solid at room temperature and was therefore diluted with an equal 
volume of toluene to render it fluid and permit its pumping into the combustion tube 
of the glass reactor. W i t h  this feed, operating difficulties were caused by deposition 
of nonvolatile resinous substances, which plugged the reactor. Similar deposits 
occurred when a low-boiling methanol solubles residue boiling above 225 "C. was 
used. Tar acids of intermediate boiling range did not cause any plugging. 
of its greater ease of handling, we decided to work with low-boiling methanol 
solubles. 
high-temperature distiuation apparatus using a 2:t reflux ratio. The fraction boil- 
ing between 230 'C. and 266 "C. was retained a s  feed for the dealkylation study. In 
Runs 4 through 17, the feed was diluted with toluene; beginning with Run 18, the 
feed acids were used directly with no dilution (Table I). 

Because 

Samples of this stock were fractionated under vacuum on a Podbielniak 

The feed materials were analyzed for total acids by extraction with 10 percent 
caustic solution, considering the total caustic-soluble portion a s  phenols. 
batch of feed distillate showed 97.5 volume-percent tar acids, whereas the second 
batch analyzed only 82.0 volume-percent. A third feed fractionl not yet used, 
showed 81.0 volume-percent acids. The variation in the first material was probably 
owing to insufficient mixing before sampling, and for subsequent tests, the feeds 
should be fairly miform. 

The first 

Catalysts were commercial types furnished by various manufacturers. In 
most  of the tests, a silica-alumina cracking c a g y s t ,  Socony-Vacuum TCC type 3 4  
"Durabead, 'I w a s  used. Its composition is about 90 percent silica and 10 percent 
alumina, with less  than 0.1 percent contaminants, which are  primarily sodium 
salts. The catalyst comes in bead form and was sized to -4, +6 mesh before using. 
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In 21, 22, and 23, the catalyst was ground and a -L6, 4-20 mesh portion was 
used. in 31 16-inch 
tablets, containing 13-1/2 weight-percent cob& and molybdenum on an alumina 
support; and Girdler T-300, in the form of 1/8-inch tablets containing about 60 per- 
cent cobalt on kiese1-d.  

The tcRo other catalysts used up to now were Girdler E35B,  

All three catalysts were used as received. 

Helium carrier gas  was admitted to the system from the supply tank, 
adjusting the flow rate to 0.36  SCFH. 
perature, as measured by the bottom catalyst bed thermocouple, was gradually 
raised to the desired operating temperature. 
at the desired level, the feed pump w a s  turned on to start the run. 
stream coming into contact with the preheat zone vaporized and- passed downward 
over the packed catalyst. 
by an ice bath, where the liquid product collected and helium and noncondensible 
product gases passed off to the gas meter. 

Power w a s  applied to the furnace and the tem- 

When the temperature was stabsized 
The liquid feed 

The cracked vapors entered the product receiver, cooled 

The run was continued until sufficient liquid product was collected fur 
analysis. 
Pertinent operating data were recorded on log sheets at 10 to 15 minute intervals. 
After feed w a s  discontinued at the end of a run, helium flow was maintained, and the 
reactor w a s  kept at temperature for about an hour to purge the reactor completely 
of all vaporizable products. 

Depending on the charge rate, a run lasted from one-half to 3 hours. 

The total liquid product was weighed, its volume was measured at room tem- 
perature, and it was  then distilled using a glass  Vigreaux c01uq.n I/2-inch in 
diameter and 10 inches long. 
was distilled at atmospheric pressure. 
16O0-23O0C. w a s  distilled at 10 mm. Hg pressure. 
fraction was determined by extraction with sodium hydroxide solution. 
of tar acids thus determined was considered the total yield of light phenols. 
acids in the distillation residue were similarly determined. The acids in the caustic 
extract were recovered by neutralizing the extract w i h  dilute sulfuric acid and were 
retained for possible future analysis. 

An initial fraction, boiling up to 160°C. (Table II) 
A second fraction with a boiling range of 

The tar acids content of this 

Tar 
The amount 

During the cracking operation, considerable carbon w a s  deposited on the 
catalyst. 
ating the catalyst. 
substituted for helium at a rate sufficient to maintain 1.050" to I, 100°F. during the 
regeneration. Carbon dioxide produced was absorbed in an absorption bulb packed 
with "Ascarite. I' The absorption bulb was preceded by a small tube, was packed 
with cupric oxide, and was heated to 700%. by a s m a l l  mortar, which converted any 
carbon monoxide to the dioxide. 
and after the cupric oxide tube trapped any water vapor in the gas  stream. The total 
weight of carbon dioxide formed was then taken as a measure of the carbon formed 
in the run, assuming that the catalyst deposit consisted entirely of carbon. 

This carbon was removed by burning it off in an air stream, thus regener- 
The reactor was brought to I, 000°F. on helium; air w a s  then 

Drying tubes containing "Drierite" placed before 

Discussion and' Conclusions 

The study o n  dealkylation of tar acids undertaken at the Bureau's Morgantown 
Research Center was concerned chiefly with the selection of a most effective catalyst 
fo r  the production of low-boiling phenols and the examination of different variables 
in determining the mnnimum yield. This is a preliminary study. Not all of the 
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variahles (such as  temperatare. space velocity, catalyst size. catalyst regeneration 
characteristics, type of feed stock, use of additives to feed such as steam or  pyri- 
dine, etc. ) were examined, and more research work will follow to study and deter- 
mine the results of these variables. 

The following conclusions can be drawn f r o m  &e a c d  studies 011 the 
dealkylation of tar acids: 

1. Tar acid feed stocks containing high-boiling residua a re  not suitable for 
dealkylation studies because they form nonvolatile, resinous deposits that plug.the 
reactor. 
tests were carried out using tar acids boiling from 230" to 266'06.' 

Fractions of intermediate boiling range did not form plugs, and successfPl 

2. Silica-alumina catalyst, typified by Socony-Vacuum TCC-34 "Durabead, If 
is very effective in dealkylation of high-boiling phenols to lower boiling homologs. 
Yields of around 30 volume-percent of feed acids were obtained operating at around 
825 O F .  and with liquid hourly space velocities of about 0 .8 .  

3. Girdler G-35B. a cobalt-molybdenum catalyst, appears unsatisfactory for 
dealkylation of tar acids because of low phenol yields and considerable losses of feed 
to carbon and gas. 

4, A high-cobalt catalyst, Girdler T-300, showed possibilities of being 
highly selective in light phenol production, providing total conversion of feed acids 
can be increased. 

5. The new laboratory-scale glass d e l a t i o n  unit (Fig. I )  has been shown 
to be suitable for carrying out catalyst s c r e e e g  tests and for future evaluation 
studies on individual catalysts. 

Reference to specific commercial brands, materials, or  models of equipment in 
this article is  made to facilitate understanding and does not imply endorsement by 
the Bureau of Mines. 
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PROCESS CO?TDITIOhZ FOR PBODUCIMi A 
SdfOI(ELESS BRIQUETTE: FROhi HOT CHAR 
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H. R e  CiREGORY 
and 

EATIONAL COAL BOARD, COAL RESEARCH 
ESPABLISHUENT, S!i'OB ORCHARD, 

CHELTEXHAK, WGLAND. 

PROCESS COiYDl!l'IONS FOR WOIXJCINO A sMOKELE3S B93I@JEM% 
FROM HOT CHAR 

10 IlJTBOIXlCTIOlP 

In the United Kingdom the implementation of the C l e a n  bir Aot of 1956 involves 
the  set t ing up of an increasing number of smokeless zones throughout the country. 
I n  order t o  naintain sales of sol id  fuel, appliances t o  burn the present f'uels smoke- 
l ess ly  are being developed, and increased supglies of reactive smokeless fuels  are 
being mde available. To contribute t o  these supplies, a process for the production 
of a smokeless fuel from lov rank coal has been developed a t  the Coal Research 
Establishnent of the la t iona l  Coal ?ffd, A general account of t'bis developnent has 
recently been given i n  another paper , and it is proposed here to  reuiew in de ta i l  
so- of the investigations which were carried aut t o  determine the range of applica- 
t i on  and necessary prooess oonditions. 

The choice of low rank coal, volat i le  content greater than 35$ as a s ta r t ing .  
point is particularly appropriate i n  the U.K. a s  t h i s  material i n  small size  gradinga 
is economic t o  mine and well situated with respect t o  the markets. 

To convert this material in to  a suitable smokeless fuel requires that it be 
both uagrade p fs i ze  and rendersd smokeless, without markedly reduciw its reactivity. 
It was h o r n  
carbonisation and it w a n  .*ught l ikely that considerable reac t iv i ty  would be 
retained in the char. 

37 that low rank ooal could be nade smokeless by a process of par t i a l  

It was decided t o  at%empt to  briquette the char in  the s i m p l e s t  possible w a y ,  
i.e. witbout a binder of any kind. 
pressure alone have proved unsuccesaful, but several attempts t o  briquette cbar when 
hot had shown promise. 

Thus in 1931 H a r d y ( 4 ) ,  working in Belgium, took out his first patent on the hot 
briqgetting of char and several more were f i l ed ,  hhe l a s t  in 1937. The first Her* 
patenbcover a process which w a s  intended t o  briquette f i n e b  divided coals and l i m i t e ;  
the raw coal w a a  heated in a rotary w e n  to a ' p las t ic  or globulated s ta te ' ,  and 
oompacted direotly on discharge. 
w e r e  claimsd t o  act as  b inb r .  

811 attempts to  briquette cold char using 

The tars generated in the carbonisation process 
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Hydjj’s process was not a commercial success and in a much l a t e r  assesamsnt by 

Darsont 
under controlled conditions; 
cul t ies  s e a  to  have been encountered by Piersol in  his work i n  I l l i n o i s  

t h i s  wae attr ibuted t o  d i f f i cu l t i e s  arising in the production of char 
egglaaeration was a big problem, 

Interest  in  the briquetting of hot char was reawakened by Jappelt fn 1952(8) , 
who mve an extensive, though largely qualitative scoount of the factors  imrolvefi 
i n  successfill char trriquetting. 
concentrates on weakly caking coals, uses a rotary oven for  preparing the char awi 
advocates the use of an extrusion mess f o r  compaution. 

His work is o f  particular interest  in that he 

In the light of these e a r l i e r  investigations, the  line of  investigation adopted 

This paper s e t s  out t o  establish the process conditions for 
vas t o  prepare the char under controlled conditions, and briquette it whilst still 
a t  a high temperature. 
making a strong smokeless fuel from high volat i le  w e a k l y  caking coals by this method. 

The strength of compact produced by the direct  l x i e e t t i n g  of hot char can 
be expected t o  depend upon the following factors:- 

. 1, The naturs of the res material, 
2. The carbonisation conditions. ‘ 

3. The cmpacti.cn conditions. 
4. The after-treatment or cooling of the ‘briquettee, 

It is not proposed i n  this paper to  consider all the process variables, even $f this 
were possible, kt rather t o  foaas attention on those which have beem foud  t o  be the 
most important 

The paper f i r s t  describes some of the laboratory investigatisns carried aut 
under 1, 2, and 3 above, and later reviews these in the l i gh t  of experience on a 
continuous plant. 
obtained fran plant investigations. 
state of the process a stuumqr of the main fidings is given, 

An acoount is then given of the necessary quenching conditions 
Finally a f t e r  a brief sketch of the present 

L A B O W O R Y  INvEgpIcA!l’IOprS 

2.1. Description of Apparatus 

The laboratory experiments were concerned with determining the .conditione for  
the production of a Strong briquette from char. 
the conditions for the jroduction o f  a smokeless produc t  on this scale as insufficent 
product nas available for t e s t ,  

It was not practicable t o  exmine 

Fine coals (-10 mesh B A S . )  of B.C.B. Coal Bank Classification Hos. 700, 800 
and 900 (high volat i le  bituminous coals of l o w  caking power) have been used; 
coals of this type a reduction o f  volat i le  matter content to  abaut 23$ is sufficient 
t o  produce a completely smokeless char. 

in 

Preliminary experiments were conducted by heating a mall briquett iag mould 
(* pch diameter) t o  temperatures in the  low temperature carbonisation range (375- 
500 C )  and introducing ma11 charges of fine coal. U t e r  heating this material 
for about 5 minutes a plunger was introduced i n t o  the mould and the char was 
briquetted beheen the jars of an hydraulio press. Strong compacts could be made 
in this way but this method of heating W’BB not w a c t i c d  f o r  oommeraial exploitation 
4, as the temperature of the material  ras not uniform, actanate temperahre 
messurement was not practicable, 

Eherience at this research establishment had shorn that lor rank cede (CaC.700~ 
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800 and 900) could be carbonised i n  this range with considerable accuracy of control 
using a f lu id  bed carbonisera 
.AcCordhgly, a smal l  laboratory reactor two inches in diaineter w a s  constructed w h i c h  
operated on a batch principle. 
oarbanised a t  any temperature up t o  55OoC for any desired time. 
could be fed directly into a preheated &ld and briquetted at any desired pressure. 

The apparatus developed, which is i l l u s t r a t ed  in Fig. 1, was made up of the 
2 inch f lu id  bed reactor which could be discharged into a 0.6 inch (diae) heated 
mould held in the jaws of an hydraulio press. 
out using nitrogen preheated to the chosen temperature of carbonisation and intro- 
duced into the base of the bed via the b r i q e t t i n g  mould. Other fluidising gases, 
or mixtures of gases, could readily be substituted f o r  the nitrogen flow. Control 
of the bed tenperature w a s  carried out by external heating and oooling coi ls  wound 
round the reactor. 

the aggluneration problems had been overcome. 

In t h i s  reactor a coal charge could be loaded aud 
The char pzoduced 

Fluidisation was  normally carried 

In operation both the reactor and the mould were first raised t o  the carbonisa- 
t ion temperature with hot nitrogen f lowing  t h u g  the system. 
then loaded into the carboniser and the heaters adjusted u n t i l  the carbonisation 
temperature was raachedt 
closely controlled (2 5OC) f o r  the required carbonisation t ime.  
period the fluidising flow was stopped, and the distributor plate  opened t o  allow 
char t o  f a l l  direotly into the mould. 
any surface oxidation each briquette was allowed to cool in a small closed containero 

A coal charge was 

this took 2 t o  3 minutes and thereafter the temperature was 
A t  the end of this 

The char was then briquetted. To mevent 
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2.2. Testing Hethods far Laboratory Samples 

The quality of the briquettes was assessed by a destructive mechanical test .  
T h i s  consisted of a wmbined shatter and abrasion t e s t  in which single briquettes 
were first subjeoted t o  a standard abrasion treatment i n  a commercial abrader. 
i$ inch wrterial from t h i s  t e s t  was then dropped four times through a height of 
6 ft . ,  and the residue of + 
percentage of the weight of the in i t ia l  k iqye t t e .  
a s  a purely relative measure o f  briquette quality. 
of the briquettes was determined before the destructive t e s t s  

The 

inch material weighed. T h i s  was expressed as the 
The in&ex so formed w a s  regarded 
In some experiments the density 

2.3. Results of Laboratory Work 

2.3.1. Nature of the Raw h t e r i a l r  

=let i n i t i a l  t e s t s  carried out with a single wal quickly confirmed that 
strong compacts could be made by heating the m a l  to temperatures in the range 
375OC - 55OoC andcompacting the char a t  6 ton/sq.in., it was necessary a t  an early 
stage t o  know whether the process would be applicable t o  a wide r a g e  o f  low rank 
aoals. 

Samples of small coal, from six different co l l i e r i e s  s i tuated in the Eas t  and 
mest ?didlands divisions gf the Bogrd were selected and briquetted using oarboniser 
temperatures between 375 and 475 C. The Coal was ground t o  -10 mesh B.S.S., and 
the t o t a l  residence time in the reactor w a s  8 minutes and the briquettes were made 
a t  a pressure of 6 tm/sq.inch, 

The results.of shat ter  and abrasion t e s t s  on these b r i a e t t e s  are shown in  
Fig. 2. 
widely different ash contents ( 2  - 16$), and covered a vo la t i l e  matter content range 
of 35 - 496 (see Table l), the difference i n  briquett ing performance b e t p e n  these 
samples was not significant. 

In a l a t e r  attempt t o  briquette a s  wide a range of materials aa possible, 

Despite the f ac t  that the samples ranged over different  coal s e w ,  had 

L 
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special macaral concentrates, prepared from a loa rank coal by hand selection, were 
also examined. 
ewe?? t o  arise from normal cosiuneroial preparation of low rank coals. 
f a d  9 for example that it  was necessary t o  have ine r t in i t e  concentrations of 
60-70$ before an unbriqet table  material was obtained- 

These covered a much wider range of materials than would ever be 
It was 

Volatile 

' Coke Type $ (dry basis) dp d.a.f. 
O r q - E h g  Ash Content hbtter Content Coal Sample 

Division col l iery t seam 

Bast Kidlands Bestwood High Main B 7 *2 38.1 
n A 11.7 36.8 
a Denby H a l l  Abed 16.5 37.8 CUverton High- 

n ThOreSbg Top Hard D 10.9 35.6 
West Midlands Birch Coppice Mixed B ll.1 41.2 

n 38 e 0  Dexter bfixed d 1.7 

Size of grinti can also be expected t o  a f f e c t  tab s%rengtb.of char br iGet tes .  
Laboratory experiments have indicated that strength falls with inoreasing particle 
s ize  

To WLIPmaTise, there is wide tolerance i n  the type of low rank a t e r i a l  seleatal 
f o r  the process provided that  the material i s  crushed to a suitable size before 
b r i q m t t i q  (-10 mesh B.S.S. w d d  appear ade@ate). 

TABLE 1 

Laboratov investigations o f  different coals - 
Details of coals used 

2.3.2. The Carbonisation Conditions 

The r e s u l t s  already obtained for different coals (Fig. 2) also show that 
at a residenge t i m e  of 8 minutes the best briquettes are xcduced at a temperature 
of abaut 425 c. 

The general effect of carbonisation variables on briquette quality 
be considered. 
considered t o  be the temperature of operation, the residence time of material 
in the reactor, and the  nature of the fluidising atmosphere. 
laboratory experiments the  residence time was measured from the h t a n t  of loading 
the charge and t h u s  also includes the heating-p period of 2-3 minutes. 

now 
Using fluid bed carbonisation the major variables can be 

In all  these 

These carbonisation variables were araminnd in two eIperimenta. 

I n  the first of these an i n e r t  atmosphere (gtrogen)owas used, briquettes 

Three replioates of t h i a  experiment were 

In each 
0880 Calverton coal C.B.C. No. 902 w a s  used. 

being made over a range of tenperatuws from 350 C t o  500 C and a range of 
residence times of 5 min t o  80 min. 
made, each replicate being suitably randomised. 

The variation in density with temperature and residence time is shown in 
fig. 3, and. that of meahadcal qgaliw as 
abrasion t e s t  in Fig. 4. 

by the combined shat ter  and 
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It may be seen that both mechanical quality and density are a m&mum in the 
temperature range 4O0-45O0C, and that both decrease with Fncrease in residence 
time. 

In Fig. 4 contours are included t o  show the residual vo la t i l e  matter contents 
These indicate that  the best briquette quality (bry ash f r ee )  of the hiquet tes .  

is  aohieved about the 3 6  volat i le  matter omtent,  but that strong briquettes can 
be produced down to  and below a 25% volat i le  matter content, a t  which level very 
l i t t l e  smoke enission would be expected. 

Having established that i t  was possible t o  produce briquettes using an i n e r t  
atmosphere in the carboxiser, a second experiment was undertaken t o  t e s t  the e f f ec t s  
of using other  atmospheres. In  a l l  cases the same f lu id i s ing  flaws were maintained, 
and tbe atmospheres seleoted were:- 

( i )  

(ii) 

(iv) 

Sitrogen as with the previous experinrent. 

Xitrogen/hydrogen mixture (90r10 parts by volume). 

Air/nitrogen (50r50 parts by volume). 

The l a t t e r  abosphere was of p a r t i a l =  importace in that  in a continuous 

(iii) Stem. 

commercial reactor it w a ~  l ikely that the carbonisation heat would be obtained by 
heat of reaction, and a i r  would be used as a f luidis ing gas. 
used, with the cooling coi l  working a t  maximum capacity the air/nitrogen m i x t u r e  
was the richest which could be  usedr 
impossible. 

400' t o  500°C using residence times of  8 and 16 minutes, 
i n  Table 2. 
was found t o  be substantially the same, and the f a l l  in quality with hcreasing 
residence time was confirmed. It may be seen, however, that  briquette quality 
was significantly reduced when the &/nitrogen mixture was used for fluiiiising. 

I n  the smell reactor 

a t  higher oxygen concentrations control was 

With these atmospheres briquettes were prepsred in the temperature range 
The r e su l t s  are given 

For all the atmospheres, the temperature range for good briquetting 

F ~ O D  these investigations it is clear that  t o  produce strong briquettes long 
residence times i n  the carboniser must be avoided; 
a limited o p t h n  temperature rarge, and reactions with oxygen in the f luidis ing 
gas mst be kept t o  a minimum. 

briquettes must be nade i n  
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8 
16 

8 
16 

8 
16 

8 
16 

TABLE 2 

95 
92 

92 
92 

86 
81 

85 
76 

Variation of Briauette Strength+ with Fluidising 
Atmosphere, Carbonisstion Temperature and Residence 

Time, (Laboratory Resultsr. 

Fluidising 
Atmosphere 

Nitrogen 

Bitrogen/Hydxogen 
90110 part s  (vo~.)  

Steam 

50850 parts (vol.) 

Ca.&onisation Temperature OC I 
425 I 450 

92 93 

91 
84 86 

1 

Figures aven are the percentages of nater ia l  remaining 
a f t e r  test. 

2.3.3. The Compaction' Conditions 

It was mentioned in the introduction that  char cannot be briquetted cold, and 
in the  experiments so far described, care has been taken t o  maintain the briquetting 
mould a t  the carboniser temperature. Such a procedure may however be inconvenient 
on plant, and consequently a short investigation was made of the effect  of cooling 
before briquetting. 
(Calverton C.R.C. 902) carbonised a t  450°C for 15 minut-. mer this period the 
char could bs cooled t o  any desired temperature by switching over t o  cold nitrogen 
as f luidis ing gas, cutting the bed heaters, and turn* on the external cooling, 
Then the desired temperature drop had been achieved the char was then transferred 
t o  a aould maintained a t  the reduced temperature and briquetted (in this case at 
a pressure of 8 tan/sq.in.). 

In this experiment briquettes were wde using a single coal 

The re su l t s  of  the strength t e s t s  are shown in Fig. 5 where it can be seen 
that whilst a p l i t y  falls sluwly w i t &  temperature d a m  t o  a temperature of  about 
~ O C ,  after t f i  point it fells r a p i m .  

The actual variation o f  compaction density with pressure is shown in Fig. 6 ,  
and it can be seen t h a t  a t  6 ton/sq. inoh the compacticm curre is already beeonctng 
very steep at  the temperatures involved. 
proved adeqpate for all the coals studied both in laboratory and plant experiments. 

Pressures of 6-8 ton/sq. inch have 
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3. SCALE PLBElT I;ENESTIGATIONS 

3.1. Description of Plant 

A description of various experimaatal plant or the p a k c t i o n  of briquettes 

necessary t o  add a brief description here. The particular p l a t  used for  most of 
these investigatione was a amall one capable of handling 100 l b  c ~ a l / h ~ ,  Fig. 7. 
The reactor waa 8 in. in diameter 'and w a s  continuous in  operation. 
into the vessel by screw feeder and char was withdrawn through a conical base t o  
avoid agglomeration diffioult ies.  
ieing gas, a l l  the process heat being derived by reaction with the ooal. 

by t h i s  process has already been given elsewhere e15 , so that it dl1 0- be 

Coal was fed 

It was normally run with cold& a8 the fluid- 

Bricpettes were made on an lqdrea.dic extrusion press which normally produced 
a cylindrical compact 2 inohes in diameter, and 1% inohes long, t h i s  size be- 
very suitable f o r  domeatio grates. 
of briquette implies a briplet t ing r a t e  of about 8 briquettes par minute, and 
thus speed of b r i a p t t i n g  was low by commercial standards. 

With the limited plant throughplt t h i s  si= 

3.2. Testing Methods 

Be appropriate t o  this plant quality w a s  assessed by larger scale tes ts ,  
these consisted of: 

(i) Shatter t e s t  - 10 lb. of product was dropped four times through 
6 f t .  on t o  a s fee l  plate, and the weight percentaes  of +1 in& 
material determined; and, 

Abrasion t e s t  - 5 lb. of product w a s  subjected t o  625 revolutions 
a t  a standard r a t e  (25 r.p.m.) in a mooth s t e e l  t-1, the 
weight percentages of the result ing *p inoh material being determined. 

(ii) 

For brevity in  this paper the resul ts  o f  these separate t e s t s  have been 
combined in a single strength index by forming the product of the indices. 
This single strength index then bears so- resemblance to  the combined shat ter  
and abrasion t e s t  resul te  obtained from the laboratory investigations. 
the strength t e s t s  were intended for  re la t ive assessment of the produot it is 
considered that where the index obtained exceeded 80$ the briquettes would transport 
w e l l ,  whereas if it was l e s s  than 5 6  t h w  would transport badly. 

Whilst 

3.3. Results of Plant Work 

In the following review of the effect  o f  process variables the product bas 
in a l l  cases been dry cooled (i.e. allowed to cool in sealed drums). 
f u l l  scale plant cooling in sealed drums would not be possible and development 
of briquette quenching methods is described l a t e r  in  section 3.3.4. 

On a 

3.3.1. Eiature of the Raw Material 

Lcw rank coals from 24 different col l ier ies  were examined covgring the 
range of Gray King coke types A t o  F. 
dence t ime  o f  20 min, it was found possible, in a l l  cases, t o  produce strong 
briquettes (i.e. combined shat ter  and abrasion index -eater than 86, see 
Table 3). 

Using a temperature of 425 C and a reei- 

A t  this carbonisin@; temperature the smoke emission of the briquettes, 
BbG t e s t s  in an open grate, was mall in a~ eases. 
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' o la t i le  
h t t e r  
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I d.a.f. 

Plant investigation8 o f  different ooals 
Detaile of coals used and the strength of briauettes 
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B 
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A 
A 

coal Samplc 

Colliery 

Babbington 
Thoresby 
Rufford 
lelbeck 
Babbington 
Q U l l g  
Badford 
Shirebrook 
Whitwell 
Bestwood 
Bestwood 
Gedling 
01 l e  rton 
==SOP 

Coventry 
I$aunolaood 
HewUgate 
h l W  
Dexter 

giveton Par 
MarbaDlw 

Dalkeith 
Dalkeith 
Dalkeith 
woolmet E l 1  5 B 

._ 
3h Content 
% (w 
basis) 

-37.2 
35.3 
37 -7 
35.5 
35.9 
38.8 
37.8 
37.1 
35-6 
37.8 
38 05 
39 e8 
37.9 
36 -3 

39.4 
40 .7 
3901 
39.2 
36.8 

36.1 
36 -8 

41.0 
40.6 
40.0 
36.8 

The pres- required to make these compacts waa abaut 6 ton/sg.inch, 
although far the Uher coke tsrpes somewhat lower pesaures were oftan adeqyate. 

The plant resul ta  therefore show tha t  the hot char briqpett ing procase ie 
applicable to a wide range of  l w  rank coals, and thns confirm and extend the  
earlier laboratory finainge. 

3.3.2. The Carbonisation Conditione 

T ~ B  plant investigation of the effect  o f  oarbonbation variables on briquettfng 

An investigation using Dexter coal, C.B.C. Eo. 902, has, hmevep bgsls 
has been rather race res t r ic ted  because of plant l imitations than that  i n  the 
laboratory. 
mad: of the variation of briquette quality with tempera- (in the range 375 c to 
450 C), and residence time (15 min t o  45 &)- 
residence times it WBB necaesarg t o  di lute  the fluidising air with nitrogep, 
although op e larger plant  a deeper bed oould be used. 

In order to achieve the longer 
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The resu l t s  of combined sha t te r  and abrasion t e s t s  carr ied out 011 briquettes 
made using a constant pressure of 7 ton/sq. inch for the above range of carboniser 
variables are given i n  Fig. 8. 
that the strongest briquettes are m e  in the range 40O0C - 45OoC, and that qyality 
diminishes with increasing residence time. 

b with the laboratory r e su l t s  it majr be seen 

As with the laboratory kriquettes the vola t i le  matter content f o r  optimum 
strength is higher than the 23% a t  which the char is completely smokeless. 

3.3.3. The Compaction Conditions 

In  the laboratory it was shown that any substantial reduotion of temperature 
between carboniser and press produces a weaker briquette. 

Tests were carried out on the plant by removing heating and lagging f r o m  the 
short feed l i ne  connecting carboniser and press. The hriquetting temperature as 
indicated bj thermocouples in the char stream are given in  Table 4, together with 
the s k t t e r  and abrasion indices of the briquettes produced. 

TABLE 4 
Variation of Briquette Strength* with Briquettin& 

Temperature. (Plant Results) 

I Carbonisation Temperature I ~ 425OC I 
I Briquetting Temperature I Briquette Strength4 

425OC 

350°C 
2 8 5 O C  

4w0c 
93 
87 
84 
83 

Results quo:ed are the combined plant sha t te r  
(+ l o t )  and abrasion (+ &") t e s t  resul ts .  

of 7 ton/sq. inch. 
+ A l l  briquettes were prepared a t  a pressure 

Over the limited range of temperature drop investigated in this w a y  there 
was a reduction in  quality with increasing temperature drop; 
laboratory resul ts .  
the reactor and the pressi 
ture  gradient. 

this confirmod the 
It is  preferable t o  permit no f a l l  in char temperature between 

indeed there may be a case fo r  using a r i s ing  tempera- 

With respect t o  other briquetting variables it ha8 been found on the plant 
t ha t  density increases with pressure, but that  the r a t e  of  inorease f a l l s  a t  
higher pressure, as  would be expected. 
but on ertrusion presses another effect  is i e o r t a n t .  
separation betneen successive briquettes becomes poor, and i n  some cases continuous 
l e n g t h  of d i v i d e d  briquette emerge f r o m  the nozzle. 
i t  would thus appear t ha t  pressures which are too high can be a positive 
disadvmtsge and this seem to  be par t icular ly  the case with the more highly 
c&ing coals. 
f& possible t o  make strong briquettes a t  pressures below those which bring 
ab xt severe st ickb3. 

This is true also o f  briquette strength, 
A t  high pressures the 

For briquette anearance 

However, wherever t h i s  phenomenon has been encountered it has been 
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3.3.4.. @enchine; Conditions 

In tulk production of char briquettes it is necessary t o  introduce a cooling 
stage t o  prevent spontaneous combustion of t he  product and it has already been 
pointed out that, in the  assessments so far of process variables, ths product 
has been d r y  quenched in sealed drum. Cooling in this way takes between 12 
hours and 2 days, depending on whether 90 l b  or 250 lb  drums are used. 

1 

I 

1 

, 
@ite  early in these investigations wet quenching by immersion in water 

was considered as an alternative. 
a safe temperature (i.e. about 5OoC) in 20 rnin., but such cooling produces internal  

a d p  aooled product. 
425 C, and f o r  the mre hlghly caking coals. 

Ey t h i ~  means briquettes can be quenched t o  

cracking and gives substant ia l ly  lower shat ter  indices than those obtained f o r  - 4 

4 This is par t imlar ly  true f o r  briquettes produced a t  

Experiments on cooling briquettes in f lu id  beds of oold sand and in dry 
ice  qgickly demonstrated that the ra te  of cooling rather  than the nature of 
the coolant W a 6  responsible for  the cracking. 

Then a briquette emerging f r o m  a pess a t  about @O°C is plunged d i rec t ly  
into oold water it suffers a large thermal shock. 
by cooling the briquettes more slowly, e i ther  in an iner t  at@osphere or by 
spraying l i gh t ly  with water, prior t o  complete immersion. 
cooling procedare reduces ia te rna l  cracldng is i l l u s t r a t ed  in  Fig. 9 ,  where 
sections of b r iwe t t e s  &y cooled in sealed t i n s  for 10 and 20 min: before 
iiiEiersion in w a t e r  are compared with briquettes which were ismediately bmw3rsed. 

t eqe ra tu re  gradually to about 150% before immersion in water. 
cooling stage can be performed by cooli?g on a conveyor in a steam atnosphere 
for 30 min., or by a shorter period, (15 min.) of s p r w  quenohiw (see fig. lo), 
followed by 8 nin. irmnersion in water. 
briqyettes closelgr comparable in  strength with those cooled i n  sealed drum. 
Far c-ercial exploitation, steam cooling, followed by water immersion, is 
preferred. 

The shock can be reduced 

T h a t  such a txo-stage 

Plant investigations h v e  shown t i t  it is desirable t o  reduce the average 
The first 

These t w o - s t a g e  treatments mve 

3.3.5. Smoke Enission & Fael Performance 

With the greater supply of product f m the plants it was p ss 'ble  to carry 
out open, i.e. stool-bottorqgrate t e s t s ( l 8  and coke grate tests?11) for radia- 
t i on  and vis ib le  smoke. 
photc-electric c e l l  t o  measure the obscuration of a l ight  beaq traversing the 
f lue  or the moke mag be collected in an e lec t ros ta t ic  precipitator and weighed. 
The second nethod is l ike ly  to  be accepted a s  a British Standard nethod but for 
our purpose the convenience of the optical method outweighed the rather be t te r  
accuracy of the gravimetric method. 

Smoke emission may be measured optical ly  u s i n g  a 

Optical snoke indices are given in Table 5. 
"nahrally snobless" coals are  included for comparison. 
i n  t h i s  case Dexter C.B.C. Bo. 902, s v e  an index of 93. 

Values o b t a h d  f r o m  other 
The pareat coal, 

It can be seen that smoke emission decreases r a p i d u  with increasing carbon- 
isat ion temperature and decreaai 
becones v i r t u a l 4  smokelesa a t  3 vola t i le  matter  content. b t h e r ,  the range 
of smoke emission of the "naturally snokeless" fuels given in  Table 5 ,  is wide 
enough t o  give considerable latititde in process conditions fo r  the production of 
a strong briquette. 

volat i le  matter content u n t i l  the poduct 

t 

i 

t 
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TULE 5 
Smoke W s s i o n  Indices for briquettes burned in 

stool-bottom a d  coke grate t e s t s  

a )  Smoke index of briquettes made f r o m  Dexter char; 
time i n  carboniser. 

30 min. residence 

Smoke emission i d e x  in 
StOOl-bOtton t e s t s  

koke eJission h d e x  in 

b) Sample smoke indices of other coals f o r  comparison 

(i) Stao1-bottom grate 

International coal 
Dee? Bavigation coal 
Pe-mikyber coal 
Comercial Low Temperatare Coke 

16.59 V.N. d.m.m.f. (311 x 211) 

14.G V.X. d.s.rn.f. 
12.75 V.X. d.m.m.f. 

+ 8") 
(ii) Coke Grate 

b t e rna t iona l  coal 
Deep Bavigation coal 1 4 . 6  V.M. d.rn.m.f. ( x le) 
Penribber  coal 

l6.5$ V.P. d.m.m.f. (ql' x l&') 

12.@ V.Y. d.m.m.f. (z" x 1 ~ " )  
Comercial Low Temperature Coke (+ 3") 

Index - 
35 
7 
3 
3 

33 
8 
4 
2 

The c r i t i c a l  air blas t  test12 showed the f ie1  to be "reactive" in  that  
t h e  zeqili-ed a i r  blast  was l e s s  t'w the minimum flowused i n  this t e s t  (0.00s cu. 
f t .  air/;nin). 
grate t e s t s  is i l l u s t r a t ed  i n  Table 6; 
the performance of the briquetted fuel  equals that  of the parent coal. 

The general performance of the briquettes in stool-bottom 
it can be seen t ha t ,  apart f r o m  smoke, 
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PerfOrmanCE o f  Dexter coal and Dexter char briauettes 
i n  stool-bottom grate tes ts+ 

&el Teated 

Time t o  reach 6,oCO B,t.u./h 

Peak radiation after ignit ion B.t.u./h 

a f t e r  ignition (min) 

n If I1 1st re fue l  

n 11 3rd 11 

11 tf " 2nd I' I1 

G r o s s  radiation 
(2O(Xh2000 B.t.u./h) B,t.u. 

Average radiation per hour 11 

It If " pound I' 

Of fue l  burned 

. Dexter Dexter 
&" x l&" Char Briguettes 

28 

L0,410 
LO, 530 
9,140 
8,550 

8,060 
9,940 
9,990 
9,UO 

57 , 380 69,070 

6,670 
2,900 

+ I n  the stool-bottom t e s t  a f i r e  is lit using 9 lb. of coal 
and recharged three times using 5 lb. o f  coal per refuel. 

So far we hav~ reviewed some o f  the m a i n  pocess  variables involved in 
briquetting hot char in an er t rJs ion press as revealed tgr laboratory and d l  
pilot  plant investigation. ??e have shown that a strong bricpette can b e  made 
and that there is a fair range of conditions under which the briquette is also 
smokeless, but we have not considered sone of the variables which m e  of great 
importance t a  the commercial suacess of the process. 

First is the a b i l i Q  of the carbonising and briquetting sy&ems t o  operate 
The carbonising qs tem 

I n  order t o  get 

only minor d i f f i cu l t i e s  

continuously over reasonable periods without shutdown. 
is particularly pmne t o  troubles associated rRith agglomeration in the bed and 
the extrusion press i e  suscaptible t o  high ra tes  of die wear. 
some masure of these l ikely d i f f i cu l t i e s  a 500 hr. run on an 18 in, dia, 
car~oniser/2n dia. extrusion press r i g  was attempted. 
were encountered in the carboniser and die wear w a s  found t o  be mch l e s s  
troublesome than had been expected. 

For aomnercid use it is necessary t o  operate the extrusion press a t  much 
higher speeds than is possible on small p i l o t  plant  where the lirnit was about 
strakes per mimte. 
iser but w a s  also influenced by the transient shock warns which are character- 
i s t i c  of bydraulio presses operating a t  high speed. 
variable speed mechanical pr~ss, Fig. 11, has shown that  good briquettes can be 
made at speeds o f  80 strokes per minute, and that hi-r speads mey well be poa- 
sible. 
these have been succeeafbl but demand very close control of carbonism conditions. 

The l imit  w a s  s e t  ?rimarily by the capacity of the carbon- 

BECEU~ experience on a 

Attempts have also been made t o  briquette the char on r o l l  ~ e s a e s ,  
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m q q i t t e  shape is important commercially and some of the variants 
possible on an extrusion press are i l l u s t r a t ed  i n  Fig. 12. In order t o  
obtain optimum fuel  performance on an open fire, briquette weight should 
not exceed 100 gms. 

trials, an& Fig. 13 gives soma idea of the a p p e a r w e  of a ragonload of d r y  
wenched b ique t t ed  a f t e r  a transport test .  

Tonnage plantit iea of b i q u e t t e s  have been made for market and transport 

The fue l  has been show t o  be an acceptable premium grade smokeless fue l  
for the domestic market. It is  emokeless a t  volat i le  contents between 23 
and 26% and is made without unpleasant and expensive binder. 
for 90mmercial developmnt are already in an advanced stage. 
t o  exploit the vir tues  of this process in the manufaoture of oloeed stove and 
metallurgical fuel,  a d  to extend the range of coals which oan be processed 

Preparations 
It remains 

in this way. 

The work described was carried out in the research laboratories of the 
National Coal Board a t  Stoke Orchard, Cheltenham, England: 
kind permission o f  Dr. W. Ib is  Jones, Director General of Besearoh. 
authors achowledge the helpful discussion and careful experimentation o f  
maw colleagues. 

it is  piblished by 
The 

The views expressed are those of the authors and not necessarily those 
of the Board. 
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Brigueftes dry quenched 

Briquettes wet  quenched after 
20 min. dry quenching 

Briquettes w e t  quenched after 
IO min. dry quenching 

Briquettes wet guenched 

FIG. 9 .  SECTIONS OF BRIQUETTES AFTER QUENCHING 

FIG. IO. TWO - STAGE QUENCHING FACILITIES ON A 
S M A L L  PILOT ' PLANT 
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FIG. 1 1 .  MECHANICAL EXTRUSION P R E S S  
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L ’  
FIG. 12. EXTRUSION BRIQUETTES OF V A R I O U S  

CROSS - S E C T I O N  



FIG. 13. BRIQUETTE APPEARANCE AFTER ZOO MILES 
R A I L  TRANSPORT 
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TEIE SLOW OXIDATION OF METHANE. I. A KUKETIC STUDY 

Hsien-Cheng Yao 

Scientific Laboratory, Ford Motor Company, Dearborn, Michigan 

Introduction 

A Ember of rate expressions have been proposed f o r  the oxidation of methane 
based upon measurements of the changes which occur in the total pressure of the 
reacting gas rmxture. 
by the initial composition of the mixture. 
conditions was obtained when the ratio of the initial pressure of methane to that of 
oxygen was 2 to 1. Thfs result was confirmed recently by Egerton and his co-workers 
( 2 \ ,  

Bone and A l l u m  (1) found that the rates of reaction were affected 
The highest rate under a given set of 

Norrish and Foord { 3 )  proposed the rate equation: 

where (CH4I0, { O 2 j O 9  and Po are initial pressures of methane, oxygen, and total pres- 
sures of methane, oxygen, and total pressure respectively, d is the diameter of the 
reaction vessel, and S is the surface activity per unit area. Later, Hoare and Walsh 
(L) suggeszed the rate expression 

where m, x, a d  t are reaction orders which vary with the reaction vessel used. 
m values ranged from 1,6 to 2.4, the x value from 1.2 to 1.7, and the t values from 
0.5 to 0.9. 

The 

Recently Egerton md his csueagues ( 2 )  and Icarmilova et al ( 5 )  have followed 
not o n l y  the changes in the total pressures but also the changes in the concentra- 
tlons of reacsnts, intsrmediates, and products in each experiment* This was done by 
repeatedly preparing identical systems and then quenchhg them at various Time intervals; 
these quenched syscems were then analyzed f o r  each component. 
experiments jcSr~l lcva proposed the expression 

Cn the basis of such 

where d(m4j, represents the rate values ("constaat rates") obtained from the 
dt 

slopes of the straight llne portion of the rate curves (zero order plots). 
of Q) p, and y were given as 1.~62, 0,96, and 
approximtely 2.7 which agrees vel1 with the. value (a = 2.6) obkiined by Egerton et 
(2 )  but which differs from that of Norrish and Foord ( 3 )  (n = 4.0). 

Karmilova (8) and their co-workers on the basis of a theoretical treatment of the 
mechanism of the oxidation: 

The values 
0=1 respectively. The sum of these is 

The most recent equation has been proposed by Enikolopyan ( 6 ) ,  Semenov (7), 



In this equation, the k‘s axe rate constants of a ser ies  of-free radical 

Although these authors (8) belleved that equation I V  

reactions and (aH,) and (0,) are instantaneous p a r t i a l  pressures of methane and oxygen. 

equation III, these equations a re  not identical .  
expression is dependent upon the initial pa r t i a l  pressures of methane and oxygen and 
that i n  the l a t t e r  (IV) upon the instaStaneous par t ia l  pressures of the reactants. 
Moreover, equation IV does not w e e  with many of their  experimental results.  For 
example, equation IV demands that the rate be second order with respect t o  methane 
and f i r s t  order with respect t o  oxygen. Yet, the experimental resul ts  show that in some 
cases the rate  of methane and oxygen consumption and of carbon monoxide formation i s  
constant up t o  50$ completion of the reaction ( 5 ) .  

is  in  good agreement vith 
The maximum r a t e  in the former (m) 

The foregoing resume makes it clear that additional evidence is  s t i l l  needed 
before the  extent of the va l id i ty  of the previously proposed r a t e  equations and 
reaction mechanisms for  the oxidation of methane can be established. Such evidence 
is d i f f i cu l t  t o  obtain from the  experimental techniques customarily used. Measure- 
ments o f  the c u e s  i n  t o t a l  pressure are inadequate for the determination of the 
reaction order with respect t o  methane and to  oxygen or  of the activation energy. 
Also, while the quenching technique can provide such evidence, it is laborious, time- 
consuming, and requires a vast number of separate experiments t o  examine in de ta i l  
all the parameters in the reaction. 

In addition to  the experimental l i m i t a t i o n s  of the ear l ie r  work, the role  of 
carbon monoxide - the most s table  intermediate in the oxidation of methane - has not 
yet  been clar i f ied,  Y e t ,  evidence has shown (5) that the oxidation of methane and 
of carbon monoxide occur sbnultaneously i n  the l a t e r  stages of the reaction. Thus, 
the r a t e  equation cannot be conplete without including an expression for the oxida- 
t ion  of carbon monoxide. 

In the present work, the oxidation o f  methane has been re-examined in detai l .  
The partial pressures of methane, oxygen, and carbon monoxide have been fo l lowd  by 
periodic withdrawal and analysis of s m a l l  samples of the reacting gas mixture by 
means of gas chrmatography. T h i s  technique permits a rapid, convenient, and accurate 
analysis f o r  the separate components throughout each oxidaticm experiment. 

Using this new technique, data have been obtained from w5ich the reaction order 
with respect to methane and t o  oxygen can be examined and fron which the apparent 
energies of activation can be calculated. 
i d t i a t e d  oxidation of carbon monoxide. 

A study has also bsen nrade of the methane- 

Experimental 

I. Reactants 

Research grade methane, 99.545 pure (Phill ips Petroleum Co.) was used without 
further purification. Oxygen, 99.5% pure L i q u i d  Carbonic, Division of General 
Dynamics) and carbon monoxide, c.p. grade t Matheson Co.) were dried through a column 
of 5A molecular sieve material  (Fisher Scientific Co.) before use. 

II. Apparatus 

sampling system, and a gas chromatograph connected as shorn in  Figure 1. 
The apparatus consists of a gas introduction system, reaction vessel, gas 

The gas 
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chromatograph (Perkin-Elmer Corp. Model 154D) is equipped with a thermistor detector 
and a 2-meter column packed with molecular sieve material ("Column I"). 

III. Measurements of Partial Pressures 

To measure the partial pressures of each of the gases during the Oxidations, it 
w a  necessary to establish the relation between the chromatographic peak height and 
the quantity of each individual gas. 
inlets 3 to the s a m p l i n g  capillary 2 located between stopcocks C and 2. 
1 mm I.D. and 70 mm long, contained about 0.08 m l  of gas. 
was measured on manometer 2. 
plugs, -while E is a 2-way glassstopcock with 2 mm. bore. - C and 2 and also 5 the gas trapped in the sampling capillary w a s  pushed by the carrier 
gas ,  helium, into the gas chromatograph and a corresponding peak appeared on the 
recorder chart. 
gases as shown in Figure 2. 
pressure, H is the peak height, and 5 is the proportionality constant. - a varies with the pre-set conditions, such as column temperature, flow rate of carrier 
g a s ,  and volume of sampling capillary. 
column may a l s o  change a. 
gas was re-ascertained before each oxidation experiment. 

IV, Oxidation Experiments 

For this purpose, gases were introduced through 

The pressure of the gas 
C and I, are 3-w~ur stopcocks vith 1 mm. bore and Teflon 

By manipulating stopcocks 

This capillary, 

The peak heights were plotted as a hnction of the pressures of the 

The value of 
Thus for a given condition, P = a.H vhere P is the gas 

In addition, repeated &e of the chromatographic 
for each individual In the work reported here, the value of 

For the oxidation experiments, the separate gases were admitted through inlets 
2 to the individual gas burets la 
of the reaction mixture were then pumped f r o m  the gas burets Fnto the reaction vessel 
1 using pump 6.  
glass (30 mm. I.D. with a volume of 100 m l . )  and contained a thermocouple vell along 
its longitudinal axis. 
without Wther treatment and in others, it was first treated with hydrofluoric acid; 
for this treatment, the vessel was shaken vith 20-255 hydrofluoric acid Fn water, 
then washed exhaustively with distilled water, and dried at b ° C  at less than 1 mm. 

The desired amounts (approx.) of the components 

The cylindrical reaction vessel was constructed of borosilicate 

In some experiments as indicated below, the vessel was used 

of Hg. 

During the course of the oxidation experiments, the reaction vessel was main- 
tained at the desired operating temperatures g°C by the thermocouple, temperature 
controller (Wheelco), variable transformer and furnace 8. 

the experiments, a large fraction (ca. 55$) of the gas mixture was withdrawn f rom 
the reaction vessel and passed through the sampling capillaxy by lowering the mercury 
level Fn the modified I25 ml Toepler pump ll. Raising the level returned the gas 
through the capillary to the vessel. Two cycles were needed before each s a m p l i n g  
in order to obtain reproducible analyses; each cycle required only about 15 seconds. 
The small sample of gas (0.08 ml 1 was then pushed into the gas chromatograph with 
helium as described above. In such manipulations, some hellum was inevitably intro- 
duced into the reaction vessel during sampl ing  but it appeared to have no effect 
upon any of the reactions studied. 

To determine the composition of the gases Fn the vessel at the start and during 

Results and Discussion 

In many of the experiments reported earlier, carbon monoxide accumulated in much 
larger amounts than any other reaction intermediates, such as formaldehyde or hydro- 
peroxide, 
that the carbon dioxide formed in the oxidation of methane was produced alrmost 

In addition, Karmilova et al ( 9 )  were able to show by tracer techniques 
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exclusively from the  oxidation of carbon monoxide. 
intermediates may contribute t4 the  mechanism, the kinet ics  of the o v e r a l l  oxidation 
can be examined in  terms of tlie stepwise reactions represented by equation V and VI. 

Thus, although the less stable 

CH4 + 3/2 0, - CO + -0 
co f 1/2 oa -. CO, 

1 I. The Oxidation of Methane to Carbon M d d e  (eq. V) 

'i 
methane, Po a 4  a .1 

A. The reaction order with respect t o  methane and oxygen.. To W z e  the effect 
of carbon monoxide on the reaction kinetics, the r a t io  of the i n i t i a l  pessures  of 

r a t io  is about 3 or higher, the reaction is zero order w i t h  respect t o  oxygen and 
to methane; the resul ts  o f  typ ica l  experiments with both untreated and HF-treated 
vessels are shown i n  Figure 3. 
methane and oxygen and the rates of accumulation of carbon monoxide azle constant up t o  
904 completion of the reaction. 

to that of oxygen, p0 , was increaseit in  some experiments. when the 

With such high ra t ios ,  the rates of consumption of 

These rates  can be expressed as: 

where % is the zero order rate constant. 
0 0 t o  Po 4 a 

on ly  up t o  about 30 to 7046 completion. 
accumulates so that it is oxidized competitively with methane. 
( V I 1  and VIII) can no longer be applied for the xhole<reaction but only fo r  the initial 
stage vhere the rates  are constant (Figure 4). 

These constant ra tes  bave been observed by all previous investigators but have 
been generally identified by them only as "rrmximum ra tes"  (equations I, 11, and III). 
They were interpreted d i f fe ren t ly  by predous investigators. 
gested that the oxidation of met- is a f ree  radical  chain degenerating process in 
which the formation of formaldehyde is the slov step of the reaction and the steady 
s t a t e  of formaldehyde resu l t s  'a a constant rate. 
by many previous investigators. Recently, bowever, I k m i l o v a  et &1 (U) found that 
the rate remains constant even when the concentration of formaldehyde undergoes a 
marked decrease and, therefore, the postulation of the steady state concentration of 
formaldehyde as a controlling feature  of the reaction is untenable. To explain these 
constant rates, they proposed that the oxidation of methane undergoes additional 
catalysis by one o f  the reaction products formed after fonraldehyde. 
constant rate may then resu l t  from a superposition of the ra tes  of two autocatalytic 
processes, the increase in the rate of one due t o  oxidation of methane being compensated 
by  the decrease in the rate of the other. They suggested several possible addi t ionaJ.  
catalysts, such as hydrogen peroxide, hydroxy radical, etc. No evidence was given t o  
support this viev. 

When the ra t io  of Pa is reduced t o  unity or  less, the rates are constant 
In  these experiments, suff ic ient  carbon nnmoxide 

The rate equations 

Semenov (7, 10) has sug- 
'B 

\ 
This interpretation has been accepted 

The observed 
' 

B. The effect f initial pressures of methane and oxygen. The resu l t s  for the 
effect  of and a, Oa 

on the value of k; are shovn in Tables 1 and 2. In general, 
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P 
4 
4 

increases Kith 
0 than does Po . 

a 
on the initial 

increasing either Po or Po , or  both. Po has more effect upon 
CH, 02 a 4  

An empirical equation is proposed to account for the dependency of 

pressures: 

POa PO 
CH, 02 

PO + Po 
CR4 0, 

vhere q- is a pressure independent rate constant. 
Column 5 of Table 1 and Column 6 of Table 2 .  

The values of k; are listed in 
The validity of equation IX is indicated 

PO" PO 

PO + PO 
CH4 02 

by the linear relationship in the plot of 4 vs CH, 02 for  the reactions at 

different temperatures in an HF-treated vessel as shown in.Fig. 5. For the reaction 

PO" O 
in an untreated vessel, & at 399'C increases linearly with - 

appears to reaeh a limiting value of about 0.17 mm, m.in-l (Figure 6 )  - 
"he increase in the maxim rates ("constant rates") as the initial partial 

pressures increase - observed in this as well as in earlier work (equations I, I1 
and 111) - is not accounted f o r  by equation IV which is based on a free radical chain 
reaction mechanism. 

The apparent energy of activation for the oxidation of methane calculated from 
values at four different temperatures (Figure 7) is 36.2 kcal/mole. This value 

differs from the values [43 (5, 6 ) ,  60.8 (Z), and 61.5 (13)] obtained by earlier 
workers from the maximum rates. 

For the reactions below 455OC, an induction period 
has been observed which ranges fromlnin. to 350 min. as shown in Tables 1 and 2. 
The initial press-zes of methane and oxygen affected this induction period but the 
exact relationship remains to be established. In general, the reactions in the 
untreated vessel had longer induction periods than those in the HF-treated vessel. 
It was noted that the induction period was extremely long when an untreated vessel 
was used for  the first time. 
lower temperatures than those at high temperatures. 
HF-treated vessel, the induction perLod is negligible. 

11. 

C. The induction period. 

Also, the induction period is longer for reactions at 
At 482OC and above with an 

Methane-Initiated Oxidation of Carbon Monoxide (Equation VI) 

In the course of the oxidation of methane when the ratio of the partial pressure 

Additional attention must 
of carbon monoxide to methane becomes appreciable, then the rate of disappearance of 
methane no longer follows the zero order equation (eq. V) 
therefore be devoted to the oxidation of carbon monoxide and to the role it plays in 
the oxidation of methane - 
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The oxidation of carbon monoxide itself requires temperatures of about looO°C 
(14); however, in  the presence of water vapor, this temperature may be l o w e r e d  t o  
abouC kO@C (15) 
carbon monoxide (15). 

There is no doubt that methane can also i n i t a t e  the oxidation of 
A detai led s t u d y  of this reaction i s  presented below. 

A. Reaction in the presence of water. Since water can also initiate the Oxida- 
t ion  of carbon monoxide, a comparison vas made between the effect  of methane and tha t  
of water. 
vapor was heated a t  427°C in an =-treated vessel, the oxidation was slow. It became 
fast a f t e r  methane was introduced, 

As shown in Fig. 8, when the mixture of carbon monoxide, oxygen and vster 

B. Reaction order with respect t o  carbon monoXide and oxygen. In  these experi- 
ments, dried carbon monoxide and oxygen were introduced in to  the HF-treated vessel 
at various temperatures ranging f r o m  k7" t o  516OC. 
slow. However, the rate of reaction increased rapidly when a s& amaupt of methane 
was introduced. The results of one such experiment are  shown in Fig. 9. 
present results, the methane-initiated ox ib t ion  of carbon monoxide is a second order 
reaction, f irst  order with respect t o  carbon molloxide aad t o  oxygen. The rate can be 
expressed as: 

The reactioos w e r e  extreme- 

In all the 

where & is the second order rate constant. 
and Table 3) leads t o  an apparent activation energy of 60.7 kcal/mole. 

The temperature dependence of (Fig. 7 

As shown in Fig. 9, the linear relationship of the second order plot was main- 
t a h e d  despite the decrease in pressure of methane from I3 mm t o  almost zero during 
the course of the reaction. 
i n i t i a t ed  oxidation of carbon monoxide. 
instantaneous pressure of methane. 
(Table 4) between k, and the izlitial pressure of methane - analogous to that exhibited 
by k, - although no sat isfactory correlation has y-et been obtained. 

a reacting mixture of methane and oxygen (and carbon monoxide produced) when the 
methane had decreased t o  3.2 nun. 

This was observed in every experiment on the methane- 

Instead, there appears t o  be some relationship 
I# does not depend, therefore, upon the 

In another type of experiment (Fig. lo), additibnal carbon monoxide was added t o  

A l inear  relationship vas again obtained fa r  the 

second order plot  of log 2Po; - px versus t i m e  2. In this expression, Po' is the pco a 

pressure of oxygen at the time when carbon monoxide was introduced, Px i s  the  pressure 
of carbon dioxide produced after t h a t  time, and Pco is the instantaneous pressure of 
carbon monoxide. In this experiment 

slope of the second order plot. 
and once again appears t o  be re la ted  t o  the initial pressure of methaae. 
depended upon the instantaneous pressure of methane when the carbon monoxide was added, 
v i z .  3 2  mn, & should be below 2.6 x 10" m-1, mm-l (Table 4). 

III. 

, 8.9 ma, min'l, was determined from the i n i t i a l  
rate of consumption of oxygen and %, 3 .2 x mm'l, ma-1, waa obtained from the 

This value of % agrees well with those of Table 3 
If it 

Nature of the Oxidative Process 

I n  the present work, during each sampling procedure, about 55$ of the gas mixme 
was withdrawn from the reaction vessel t o  the Toepler pump at  room temperature for 
about 15 seconds and then returned t o  the vessel. 
peated so t h a t  more than 80$ of the reaction mixtnre may have been quenched d.urhg 

In the second cycle, this was re- 



each sampl ing .  
the sampling procedure had no discernible effects upon the r a t e  curves. 
appears t h a t  the oxidation of methane must be a heterogeneous reaction inasmuch as 
quenching vould affect  the kinetics of  a homogeneous reaction. Also, the apparent 
energy of activation for the oxidation of methzme is 36.2 kcal/mole whereas that of 

of a homogeneous reaction t o  reconcile this wide dispar i ty  in energies of activation 
with the observations that both gases oxidize competitively during the reaction. 
Likevlse, the rate  of oxidation of methane depends upon the initial pressures of methane 
and oxygen rather than upon the instantaneous pressures as would be expected for a 
homogeneous reaction. 

Even i n  the experiments vhich had relat ively long induction periods, 
Therefore, it 

, carbon monoxide is much higher, i.e., 60.7 kcal/mole. It  i s  d i f f i c u l t  on the assumption 

S ~ m e  consideration of the possible nature of the heterogeneous process is 
=ranted. On the basis of the present results,  it appears that methane and oxygen 
react i n i t i a l l y  t o  form certain active s i t e s  o r  intermediate complexes on the sur- 
face of the reaction vessel. These active s i t e s  i n  turn can catalyze the oxidation 
of both methane and carbon monoxide vhich are  zero order and second order reactions, 
respectively. 
concentrations and remins constant throughout the reaction. 
carbon monoxide is  produced in  the reaction. This product in  turn competes with the 
methane f o r  the same active s i t e s .  A similar suggestion has been made by Von Meersche 
(16). As the concentration of the carbon monoxide becones significant with respect 
t o  that of nethme, then the consumption of methane deviates from the zero order rate.  
If the acethane and carbon mnoxide did not compete for the active s i t e s  but instead 
coqeted for the remining oxygen, then the zero order r a t e  for the consumption of 
methane should remain constant throughout the reaction. Hovever, this has not been 
obsemed. 

The ac t iv i ty  of these s i t e s  per uni t  area depends upon the initial 
As the oxidation proceeds, 

C 

I 

The de’ailed mechanism of this reaction and the nature of the active s i t e s  
renain to  be studied. 

1, A stepwise oxidation of methane t o  carbon monoxide and then t o  carbon dioxide 
is demonstrated. The oxidation of methane t o  carbon mnoxide is  a zero order reaction 
with respect t o  both methane agd oxygen, The.zero order r a t e  constant i s  dependent 

s’taat with i n i t i a l  pressures is indicated by an e q i r i c a l  equation. 
energy of activation for this reaction VBS calculated t o  be 36.2 kca.l./mole. 

I upon the initial pressures of both methane and oxygen. m e  correlation of this con- 
The apparent 

2, The reaction in  an untreated vessel has a longer induction period and slower 
rate than that i n  an IEF-treated vessel, 

3 .  The oxi&tion of carbon monoxide is in i t ia ted  by methane or i t s  oxidation 
/ 
b 

product and is a second order reaction, f i r s t  order with respect t o  oxygen and to  
carbon monoxide. The second order r a t e  constant appears t o  vary Kith the initial 
pressure of methane. The apparent energy of activation fo r  this reaction i s  60.7 
kcal/mole 

4. The oxidation of methane appears t o  be a heterogeneous process. 
gested that during the induction period, methane F d  oxygen reac t  t o  form active 
s i t e s  or intermediate complexes on the  surface of the reaction vessel. Methane and 
i t s  oxidation product, carbon monoxide, then compete for these sites rather shan f o r  
oxygen. 

It is sug- 

b 
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Table 1 - (2ddation of Hathane in an IS-Treated 
Vessel a t  Varlovs Temwratures 

32 3.99 127 317 1.5 5.22 40 
33 83.4 26L 1.u 5.83 35 
34 380 330 3.02 5.18 16 
35 378 ua 0.89 5.65 20 

151 2.82 17.1, u 
346 6.5 18.0 5 
126 1.7 19.5 10 

36 
37 

154 5.64 15.3 4 
Lo a 372 364 U.7 17.5 5 

' 346 
38 
39 

?7 :; 

U 424 347 16.l 8.0 45.2 3 
42 185 355 18.2 42.2 1 
43 " US 106 2.55 43.4 3 
44 a4 187 8.9 48.9 3 
45 265 234 16.6 57.1 3 
46 " 312 306 23.2 49.1 4 
47 . 308 371 33.0 52.9 4 

u. 4;2 383 306 47.5 86.4 e 1  
25 209 298 32.0 87.4 

29 186 107 6.5 89.4 

* . 26 " 122 308 23.1 86.2 
27 n a  267 37.5 101 
28 1% 272 32.5 10 5 

30 LI 112 3L2 28.3 98.1 
31 " U  346 4 . 3  83. 6 

,I 

Table 2 - oddation of Metbane in dn Untreated 
Vessel a t  3 W c  

J 2. 

3 
4 
5 
6 
7 
8 

9 
10 

11 
12 
13 
u 
15 

79 
96.4 

226 
1% 
83.6 
39 
74 
2w 
22u 

236 
280 
287 
179 
246 

4oa 
306 
288 
265 
273 
372 

311 
U 
71.4 

156 
94 
95.5 
75 
120 

0.13 
0.17 
0.17 
0.16 
0.15 
0.15 
0.16 
0 . o u  

0.00 

0.06 
0.033 
0.05 
0.06 

0.17 

4.8 x lo4 
7.0 x l o d  

6.3 x lo4 
4.7 x 10-6 

8.6 x 10-6 
11.4 x 10-6 

5.0 x 10'6 
l l . 2  x 10-6 

8.6 x lo4 

12.0 x 10-O 

u . 7  x 10'6 

9.0 x l o 4  
8.6 I lo4 

6.2 I lo4 

Induction 
Period , m i n .  

350 
55 
50 
48 
56 
40 
50 

150 
60 
40 
40 
50 
120 
150 

123. 

*E2 YBS in a new vessel used for the f i r s t  time. 
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Table 3 - Dependency of k, on Tempera ture  
-~ 

Expt. No. P& , nun TOC k2,m-',min-l 

E104 13.0 516 1.70 x loe4 
E98 12.5 516 1.20 x 10'' 
E103 13.5 504 7.36 x 

L- 

E99 14.0 482 2.27 10-5 

El01 11.0 454 5.5 x 104 
a02 U . 4  482 3.125 x 

Table 4 - Dependency of k2 011 P& (482%) 
4 

k2 Erpt. NO. p"cH 
L 

118 3.7 = 2.6 10-5 --I, m-1 

u 7  14.9 5.0 10-5 
U 6  8.1 4.8 x 10'' 

U5 19.7 6.7 x 



Fig. 1. - Reaction system. 1. Vacuum inlet; 2. Manometer; 3. Gam inlet; 4. Preaaure relief device; 
Gas bureta; 6. Mercury pump; 7. Reaction vessel  (100 rnl.); 8. Furnace; 9. l%ermocouple; 
LO. Sampling capillary; 11. Toepler pump (125 ml.); 12. Gaa chromatograph; 13. Recorder. 
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Fig. 2. - Calibration of peak heights againat pressures. 
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Fig. 3. - Rate curves for the oxidations of methane at 399. C. 0, 0 2 ;  , CH4; A ,  CO. 
Broken lines. untreated vessel (E3); solid liner. HF-treated vessel  (E3Z). 
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Fig. 4. - Rate curvel) for the oddations of methane in HF-treated vessel at 4270 C. 
Experiment 36. P&/P& = 0.38: Experiment 40. POCH4/P&, 0.98. 0. 02 ;  0. CHI; A. CO. 
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Fig. 5 .  - Dependence of kl on initial pressures of methane and O X y R C U  (oxidatlona in =-treated vessel) .  
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Stg. 7. - Arrhcniui plot for the determinrtiun of the apparent activation energy. 
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Fig. a. - oridation of carbon manaxide in the af -ter (22 mm. of wg) .nd methane at 42P C (EbO). 
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Plg. 9 .  - Rate curves for the methane-lnltlated oxidation of carbon monoxide at SOl'C. 
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Fig. la - Determination of kI and kz in the oxidation of methmc. 
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New Developments i n  Catalysts for  Producing a Xgh-B.t.u.. 
Gas v ia  the 9ot Gas Recycle Process 

A.J. r'orney, J.H. Field,  D. Bienstock, and R.J. Demski 

Pit tsburgh Coal Research Center 
U. S. Bureau of Mines 

Pittsburgh, Pa. 

DWFK)DUCTION 

A high-3.t.u. gas can be produced from coal  by gasipjing the coa l  t o  make 
H&O, and then reacting these gases, aIfter purif icat ion,  over a ca ta lys t  t o  make 
a gas consis t iag e s s e n t i a l l y  of % W e .  
'bave a ninbxii c a l o r i f i c  value o i  900 3.t .u.  -pr cubic foot  and a maximxu carbon 
monoxide content o f  0 .1  -percent.) 
T e d e n l  Bureau of l u e s  a t  Bruceton, Fa., a t  the oresent time is the hot-gas- 
recycle 2rocess. 

3.t .u.  per cubic foot of m e t a e  produced) is absorbed by the sensible heating 
of  large volmes of recycle gas c i rcu le t ing  through the reactor  in direct contact 
with t h e  ca ta lys t .  Because of the large voluses of gas and the high cost  of com- 
pression, it is necessary t o  have a low y e s s u r e  Or00 tirrough the c a t a l y s t  bed. 
The &evelopent  by the Bureau of an act ive,  durable ca ta lys t  made o f  s t e e l  l a the  
turnings t h a t  pack with a high void volume and o f f e r  l i t t l e  res is tance cc flow 
made the not  gas recycle feas ib le .  

(A s a t i s f a c t o q  high-2.t.u. gas would 

A methanation grocess under deve logent  i n  the 

In the  hot-gas-recycle system the  exothermic neat  of reaction (about 280 

This paper describes methanation in two s"kges using a s t e e l  l a t h e  turning 
c a t a l y s t  in *&e f i r s t  reactor  and nickel  ca ta lys t  in the second t o  complete the 
conversion of synthesis gas. 
is  considerably less  than t h a t  usually required i n  methanation prccesses. 
results &re bee reported for use of granular 3aney nickel  a s  c a t a l y s t  in the 
second r e a c t o r . 9  In t h i s  racer p i l o t  plant results are shown comparing operation 
of the second reactor v i t h  ,ganuhr  ca ta lys t s  and with nickel  ca ta lys t s  in the 
form of pla tes  e i ther  of s o l i d  3aney nickel  o r  n icke l  sprayed on s t e e l  or  aluininum. 
These l a t t e r  n a t e r i a l s  o f f e r  a negl igible  flow resis tance and permit e f f i c i e n t  use 
of a s m a l l  mount o i  e q e n s i v e  nickel  ca ta lys t .  

Table 1 shows the  c r i n c i p a l  reactions occurring in the syiizhesis. 

3y this method the  nmount of nickel  c a t a l y s t  needed 
Previous 

Zquations 
1 an5 2 a r e  the synthesis react ions for the  f ama t ion  of  hydrocarbons. Equation 
3 is t h e  water gas sh i f t  react ion.  
reaction, and 5 the carbide react ion.  
sjmthesis temperature 3f 300' C .  

Squation 4 is  an uodesirable carbon deposition 
All these reactions are exothermic a t  
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WIX 1. Reactions occurring i n  hot-gas-recycle process 

t 
i' 
i 

i 

i ,  
/ f  

r: 

i 

A flowsheet of the hot gas recycle process i s  shown i n  f igure 1. *Two re-  
ac tors  a re  used in ser ies ,  the f i r s t ,  using s t e e l  la the turnings,  converts '70-90 
percent of the synthesis gas, and the second, using nickel,  converts essent ia l ly  
the remainder. The t o t a l  feed gas passes down through the f i r s t  reactor ,  then 
Cnrou& a cyclme t r a p  and is divided. Par t  flows t o  the second reactor;  the 
remicder  i s  recompressed t o  425 p.s . i .g .  and recycled t o  the reactor ,  ,w t o  95 
percent as hat  recycle and the balance as cold recycle. 
and removed 3-m the  cold recycle, t i e  amount of cold recycle i s  used t o  control  
t n e  -dater vapor content of the to'al recycle gas. The synthesis gas then combines 
with tne recycle gas and flows t o  the main reactor .  

As water i s  condensed 

The t a i l  gas f10-ds &b the  second reactor  vhi.:h i s  operated at a latier recyzle 
r a t e .  L? t h e  absence of a hot-gas compressor, it vas necessary t o  ,cool the wnole 
rezycle streaiii. Tne produzt s t reaa  is  depressurized, metered, ana arralyzed. 

n -  i m l c  2 shsws tne r e s u l t s  of t y p i c a i  t e s t s  o-wrating with 3ri~lCO feed gas 
u s i n g  one 31 t v o  rezctors .  %e f i rs t  collimn shows r e s u l t s  achieved using on;ji 
one reactor ;rnich coo-lsinsd steel turnings as cazalyst .  ,Tne turEings ha& been 
oxidizni with steam and reduced w i t h  nyarogen t o  produce an ac t ive  ca-alyZic 
silrface. The calorir ' ic value of the proc?uct gas was '720 3 . t .u .  e r  cu j ic  foot. 
m e  \carbsn nanoxide content was 2.1 percent. 
percent w i t h  s i g i f i - a n t  q s n t i t i e s  of etnane and propane . 
version inas 33.4 -wrcenc. Tne second col7imr of tne ta512 shows resuics  obtained 
w i t h  both reactors  o p r a t e d  in ser ies .  
nickel of k-20 mesh s ize .  ,?ne heat ins  v a h e  oI' tl;e product gas increased t o  
9.35 3. t .u .  ger cubic foct ,  an6 t i e  ,-arb92 manoxide content decreased GO 0.1 
zercent.  Tx meCmne contsnt -as 33.5 percent. Li addi t ion t o  inetianaticg tne 
carbon monoxide, E O S ~  or' the carboa dioxide reacted aad the heavier aydroczrbons 
cracked aad vere hydrogenated t o  nethane . 

%e methane content -was 31.3 
Tne feed-gas con- 

, E e  secozd reactor  conszined ,%ney 

aecause the  Rzney nickel  ca ta lys t  used i n  Yne second reac tor  vas i n  The 
form or' granules, tile pressure drop across the second reac tor  xas 'si&er than 
desired f ~ r  hot-gas-recycle operation. Raney nickel  i s  too b r i t t l e  t o  5e 
machined to la the turnings,  the physical foim used for the c a t a l y s t  i n  the 
f i r s t  reactor.  Ta overcoae t h i s  d i f f icu l ty ,  two tjrpes of n icke l  ca ta lys t  
p l a t e s  -Hiere devised. ? la tes  were sawd fron an ingot of Raaey nickel  and 
assenbled in  a p a r a l l e l  array t o  lit in to  the 3-inch d i m e t e r  reactor  as sho-m 
i n  figure 2 .  5 la tes  were 5-3/4 inches high ana 118 inch th ick .  A second t y p  
consisted of a s smbl i e s  made of s t e e l  or aluminum p h t e s  sprayed with Raney 
nickel  powder or  nickel  oxide powcier using a oxy-hydrogen o r  oq-acetylene 
torch. 
thicirness of 0.040-0.060 inch on each side and edge. 
of aaney nickel or 250 graas of nickel oxide was on the surface of each 
assea?&. 

Tile powder of loo-300 mesh s ize  %as sprayed an 1/16-inch p la tes  t o  a 
An average of 350 grams 
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2. spthesis r e s d t s  using one o r  two reactors,'steel 
tis-nings in f i r s t  reactor, graaular ilaney 

nickel  in second 

Xeactors 1 2 
Space veloci ty  t o  f i r s t  reac tor ,  vol. of 
gas/vol. of ca taus t /nom 850 850 

Space veloci ty  t o  second reac tor  --- 10,000 
*it gas analysis (vol.-percent-dry bas i s )  

H2 48.6 2.8 
co 2.1 0.1 
N2 0.5 .8 
co2 6.3 1.4 

31-9 93.5 
0 0 

C1 
C2= 
c2 5.4 0.9 
c3= 0.2 .1 
c3 2.9 .3 

1.6 .I 

720 986 
c4+ 

Heating value, a . t .u . jcu.  f t .  

Avg. temperature, -C. is t  reac tor  320 319 
321 Avg. temperature, 'C. 2nd reac tor  --- 

af 

E&O conversion, percent 83.4 99.3 

j t i2+1CO feed t o  the f i r s t  reaczor. 

,The p l a w  asse~xiblies sprayed witn Raney nickel  %?re actprated by digest ing 

The aiclrel 
with a 3-percent NaOE sohi t ion  to remo-<e 2 0  percent of the  aluminun. 
sprayed with nicLel oxide vere acsiva-ed by r eaucbg  with kyydrogen. 
oxide -as a s in t e r  material of the cmpos i t ion  s m w n  i n  t zb ie  3 .  

Those 

4 T.A.3I.E 3 .  Analysis of Raney r i c x e l  ana nickel  oxide 

Yater ia l  3aaney oickel  iiickel oxide 

Nicks 1 $2-40 74.2 
Ahminua 58-60 
Cobalt i.04 
i r o n  1.94 
CoPFr  0.73 
SuL.3.l.r * 13 
af iieight sercent  . 

i i i tn the s t e e l  turnings being used a s  a ca t a lys t  in the first reactor ,  
cocsecutive tests vere mcie using solid Raney n icke l  ?lates, stainless s t e e l  
p la tes  sprayed visn Xaney nickel ,  and aluminum pizses  sprayed v i t h  nickel  oxide 
s i n t e r  in she second reac tor .  
reduced about 90 percens, from 17 inches - i t h  granular Iiaoey oictiel, t o  Less 
tnan 2 inches of kater per foot  of ca t a lys t  height, with plates. 

At comparable conditions the p r e s s u e  drop was 

r 

1 

i 
4 
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Table 4 shows other  results of these t e s t s .  Except for  tbe carbon monoxide 
Xo s igni f icant  difference content, a sat isfactory high-i3.t.u. gas was produced. 

in Catalyst ac t iv i ty  o r  product composition was observed w i t h  these three 
Catalysts in the second reactor .  Since the n icke l  oxide s in t e r  is a s  s a t i s -  
factory as  the Raney nickel  as a ca ta lys t  for  the second reactor ,  it would be 
preferred as it cos ts  only one-third a s  much per w e i a t  of nickel. 

4. Results o f  tests using p l a t e  assemblies in second reacto $ 
F i r s t  reactor  Second reactor  

Solid Raney nickel  Nickel oxide 
steel  h E Y  sprayed sprayed 

Catalyst turnings p l a t e s  p l a t e s  pla tes  

- 5700 % 329 

S s c e  velocity, 
700 6000 

Avg . reactor  temp., OC. 3= 332 
97.3 - 9 . 0  - 97.5 E d 0  conversion, percent - 

Exit gas analysis, 

E2 56.7 9.0 7.5 9.0 
0.8 

N2 1.1 0.7 7 3  .9 
co 
CO2 8.7 2.4 2.1 2.6 

85.1 
c 2= 0 0 0 0 
CH4 

C2 3-5 1.0 1.0 1.1 
C3' 0.1 0.1 0.3 0 
c3 - 1.7 .4 - 3  .4 

0 0 0 0 
.6 .1 0 .1 

C4' 
c4+ 

325 - 343 - 927 

- vel ./vol./hr . - 

(vol.-percent-- basis). 

- 1.8 0.8 

87.2 

- 4.0 - 

- - 84.5 - 23.6 - 

Heating value, B.t.u./cu.ft. 566 _. 

af 3Elz+lCO feed t o  the f i r s t  reactor .  

An advantage or' tine flame-spraying technique is evident with <ne nickel  
oxide. 
a t  400" C. 
strength. 
base metal a f t e r  reduction. Thermal spraying may be applicable t o  other 
ca ta lys t s  which are ca t a ly t i ca l ly  ac t ive  but  s t ruc tura l ly  weak. 

Nickel oxide granules dis integrated t o  powder on reduction with hydrogen 
Although the material was act ive ca t a ly t i ca l ly ,  i t  had no mechanical 

However, the nickel  oxide sprayed on p l a t e s  adhered firmly t o  the 

Because the p l a t e s  operated sa t i s f ac to r i ly  in the  second reactor ,  a few 
tests were made using t h e m  i n  the f i r s t  reactor .  Table 5 shows the r e su l t s  
of these tests. The solid p la t e s  of Raney nickel  made a product gas w i t h  a 
heating value of $1 B.t.u. per cubic foot .  The use of p la t e s  sprayed with 
Raney nickel  resul ted in gas with a heating value of 877 E3.t.u. per cubic f o o t  
and the plates  sprayed with nickel  oxide, 856. 
content exceeded 0.1 percent. 
operated a t  an average temperature of 255" C .  
over 300" C .  they became inact ive.  

In a l l  cases the carbon monoxide 

When the temperature was raised t o  
The p la tes  sprayed w i t h  Raney nickel  were 

I 
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9: 
5. Results of tesr,; ' s i n g  pia-& assenblies in f i r s t  reac tor  

Ss l i a  WeY Hi0 CE 
a e y  EiZkP1 aluminum or 
nickel  oc s*~fnless stainless steel 

C 8 a & S t  p l a t e s  s t e e l  p la tes  p l a t e s  

Space veloci ty ,  vol./vol./t;-. 1250 - 1500 - 3000 
Avg . reac tor  tempersture , 'C . 347 255 393 
S&O conversion, ,prcant 9m 93.1. 9- 

H2 4.2 22.6 14.5 
co c.3 4.3 1.7 
N2 1.3 0.4 1.2 
COZ 2.7 0.2 3.3 - 91.4 - 53.5 - 79.3 

Exit gas analysis 
(vol. -percent-dry bas is )  

0 0 0 
F4 
a 2= 

c2 
CJ- 
c3 
c4= 
C&+ 

Heating value, B.t.u./cu.ft.  

0.1 4.5 
0 0.1 
0 1.7 
0 0.1 
0 c.7 

877 - -  - 941. 

0 
0 
0 
0 
0 
356 _. 

aJ JH2+1CO feed gas. 

DISCUSS IOB 

k t  an  hourly space veloci ty  of 6,000 and 330" C., sprayed nickel  and solid 
&ney n icke l  plates  produced a gas with the desired ca lo r i f i c  value w h e n  used 
i n  the second stage of the  hot gas recycle p i l o t  plant .  Eo-aever, a t  t h i s  space 
v e l o c i Q  carbon monoxide \alms of 0.8 t o  1.8 percent w e r e  too high. 
used as a c a - m s t  in the  f i r s t  reactor ,  a t  an hourly space veloci ty  of 1,250 
and 347" C .  , tke  s o l i d  Raney n icke l  p l a t e s  produced a product gas of &l 3. t .L .  
per cubic foor. and a carbon nonoxide C O E ~ E G  of 0.3 percent, knereas the sprayed 
sect ions i n  the f i r s t  reactor  produced a gas t i t  - a s  msa t i s f ac to ry  -h both 
respects, ca lo r i f i c  value and Carbon n;onoxide conten;. 

'Elhen 

This difference in r e s u l t s  between the solid Raney nickel  @.a'e assemblies 
and the plates  sprayed witin m y  n icke l  nay be due t o  seve-91 factors :  
1) m a  coating may have been too chin and zhe digest ion procedure did. co t  
activate suf f ic ien t  nickel; 2 )  the  coating did not  adhere t o  same of the p la tes ,  
indicat ing e i the r  faul ty  sand b las t ing  or spraying technique. 

These nickel  sections have advantagas aver steel la the turnings. 
conversions and higher heating 
they can be operated a t  temperatures as hi& es 450" C .  without s ign i f icant  
Carbon deposition; &&ey are  h s s  SusceFtible t o  o x i b t i o n  by szeam, which 
neans that the  bate: vapor C O E ~ ~ E ~  of the recycle gas can be grea te r  ( l e s s  cold 
recycle gas) .  
a greater  temperature d i f f e r e n t i a l  can be to le ra ted ,  a lower recycle flow is 
required. 
Other fac tors  to be determized are the r e l a t ive  lives of the  n i c k e l  and s t e e l  
c a t a b s t s  and the i r  se lec t ive  sensi t iv ' , t ies  td su l i 'u r  poisoning. 

E ighe r  
gas can be achieved in the f i r s t  reactor ;  

The pressure drop is less thaa viA& steel  turnings, and because 

*This decreases the cos t  OS recompressing the recycle gas consi&erabljr. 
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Other materials such as magnetite ore, !%sed i ron oxide, and cobalt  oxide 
have been sprayed on s t e e l  sections and t e s t e d  i n  bench-scale units, but none 
were as act ive as the inaterials discussed. 

CONCILJSIONS 

!.ihile a good high-B.t.u. gas has been produced i n  one reactor  using sprayed 
p la tes  i n  the hot g a s  recycle process, it is  not com2letely sa t i s fac tory  
according to  the s s c i f i c a t i o n s .  
optimam operating conditions t o  make a gas t o  meet t h i s  standard. 

More tests are necessary t o  detemine the 

This technique of  flame spraying c a t a l y s t s  on i n e r t  forms may have 
applications t o  other processes than hydrocarbon synthesis. 
metal oxides can be sprayed. It is  possible by proper technique t o  remove 
the base metal from the sprayed material and have a shape composed e n t i r e l y  of 
t h e  ca ta lys t .  

i%ny metals and 

1. Bienstock, D., J. H. Field,  A. J. Forney, and R. J. Demski, Pi lo t  Plant 
Development of  the Hot-Gas-Recycle Process f o r  the Synthesis of  Bigh-B.t.u. 
G a s .  Buttines Rept. of Investigations 5841, 1961, 2'7 pp. 
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Figure 2 .  Para l le l  p la te  assembly of Raney nickel  ca ta lys t .  
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